Evolution of the Extended LHC Protein Superfamily in
Photosynthesis

Johannes Hermann Engelken
2010, Dissertation
Universität Konstanz

Tag der mündlichen Prüfung: 22.07.2010
Prof. Iwona Adamska (1. Referentin und mündliche Prüferin)
Prof. Cedric Notredame (2. Referent )
PrivDoz Dr. Christoph Mayer (Mündlicher Prüfer)
Prof. Winfried Boos (Prüfungsvorsitz und mündlicher Prüfer)

Bitte sperren bis Ende 2012.

Evolution of the Extended LHC Protein Superfamily in
Photosynthesis

Dissertation
zur Erlangung des akademischen Grades des
Doktors der Naturwissenschaften (Dr. rer. nat.)

an der

Universität Konstanz
Mathematisch-naturwissenschaftliche Sektion
Fachbereich Biologie

vorgelegt von
Johannes Hermann Engelken

Tag der mündlichen Prüfung: 22.07.2010
Prof. Iwona Adamska (1. Referentin und mündliche Prüferin)
Prof. Cedric Notredame (2. Referent )
PrivDoz Dr. Christoph Mayer (Mündlicher Prüfer)
Prof. Winfried Boos (Prüfungsvorsitz und mündlicher Prüfer)
Konstanzer Online-Publikations-System (KOPS)
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-193553

PhD Thesis of Johannes Engelken (2010)

II

Summary
In photosynthesis, sunlight interacts with colorful photosynthetic pigments like the
chlorophylls, carotenoids and phycobilines. The first two of these pigments can be bound by
members of the extended light-harvesting complex (LHC) protein superfamily and are organised
in order to take on functions in the collection of or in the defense against sunlight. The extended
LHC superfamily comprises several protein families, like the LHCs, the photosystem II subunit S
(PSBS), the red algal lineage chlorophyll a/b-binding (CAB)-like proteins (RedCAP), and several
LHC-like proteins. Some of these groups are very old, likely over two billions of years, and they
show a characteristic distribution across different groups of photosynthetic organisms, like
cyanobacteria, red algae, algae with secondary plastids, green algae or plants.
In this work we aim to distangle the evolutionary history of this complex protein
superfamily and to use the results to inform functional studies of different LHC-like proteins in
plants and diatoms. After careful searches of homologous protein sequences in public sequence
databases, we developed a coherent classification system of the different protein families in part
based on hidden Markov model analyses. With this approach, we identified many new LHC-like
proteins including several from the model plant species Arabidopsis thaliana and described new
families, like the RedCAP from red algae and complex algae with red plastids, and new
subfamilies of two-helix proteins from glaucophytes, red algae, diatoms and plants. A group of
newly found RedCAP and LHC-like proteins from the diatom Phaeodactylum tricornutum was of
sufficient interest for functional follow-up experiments, done by collaborators. The results of
these mRNA expression and cellular targeting experiments in combination with evolutionary
analyses were used to make inferences about possible functions of these proteins.
Results from reverse genetics experiments on the LHC-like one-helix proteins (OHP) 1
and 2 done by others in the Adamska lab were interpreted in an evolutionary framework.
Specifically, ohp1 and ohp2 knock out mutants of A. thaliana were extremely sensitive to light so
that they had to be grown under very low light conditions and on sugar-supplemented medium.
This pointed to fundamentally important functions of these proteins in photoprotection of
photosystem I, a point that could be supported by their taxononomic distributions and
conservation patterns across algae and plants.
The main result of this work was an improved model for the evolution of the extended
LHC protein family. By adjusting different phylogenetic methods to our questions, we showed
that LHC and PSBS, as well as other eukaryotic three-helix proteins, have evolved independently,
contrary to previous suggestions. Likely, they were derived from a pool of two-helix stressenhanced proteins (SEPs). Over the last billions of years and in an still ongoing process,
adaptational processes including the evolution of new protein functions, origin of novel protein
families and secondary losses of others, as well as lineage-specific family expansions have shaped
III
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this protein superfamily. This has allowed algae and plants to survive and thrive in a multitude of
environments, hereby changing our planet forever.
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Zusammenfassung
Bei der Photosynthese interagiert Sonnenlicht mit farbigen photosynthetischen Pigmenten
wie den Chlorophyllen, Carotenoiden und Phycobilisomen. Die ersteren beiden dieser Pigmente
können von Vertretern der erweiterten Lichtsammelkomplex (LHC) Proteinsuperfamilie
gebunden werden und sind so ausgerichtet, dass sie im Sammeln von Licht oder in der Abwehr
von zuviel Sonnenlicht funktionieren können. Die erweiterte LHC Superfamilie umfasst mehrere
Proteinfamilien wie die LHCs, Photosystem Untereinheit S (PSBS), die chlorophyll a/bbindenden RedCAP sowie mehrere LHC-ähnliche Proteine. Manche dieser Gruppen sind sehr alt,
wahrscheinlich über zwei Milliarden Jahre, und zeigen eine charakteristische Verteilung über
verschiedene Gruppen von photosynthetischen Organismen, wie beispielsweise den Blaualgen,
Rotalgen, Algen mit sekundären Plastiden, Grünalgen und Landpflanzen.
Diese

Arbeit

ist

der

Versuch,

die

Evolutionsgeschichte

dieser

komplexen

Proteinsuperfamilie aufzuschlüsseln und hierauf verschiedene funktionelle Studien verschiedener
LHC-ähnlicher Proteine aus Planzen und Kieselalgen aufzubauen und zu interpretieren. Nach
eingehender Suche aller homologen Sequenzen in öffentlichen Sequenz-Datenbanken, haben wir
ein Klassifizierungsschema der verschiedenen Proteinfamilien entwickelt, das sich unter anderem
auf "Hidden Markov Model" Analysen stützt. Über diesen Ansatz wurden zahlreiche neue LHCähnliche Proteinsequenzen identifiziert. Darunter waren mehrere aus dem Modelorganismus
Arabidopsis thaliana und neue Familien wie die RedCP aus Rotalgen und Algen mit sekundären
roten Chloroplasten und neue Unterfamlien von Zwei-Helix Proteinen aus Glaucophyten,
Rotalgen, Kieselalgen und Pflanzen. Eine Gruppe neuer RedCAP und LHC-ähnlicher Proteine aus
der Kieselalge Phaeodactylum tricornutum boten sich für funktionelle Anschlussexperimente an,
die von Kooperationspartnern durchgeführt wurden. Die Ergebnisse dieser mRNA Expressionsund zellulären Lokalisationsexperimenten in Verbindung mit Analysen ihrer Evolution wurden
dazu verwendet, etwas über die mögliche Funktion dieser Proteine auszusagen.
Ergebnisse von Experimenten der reversen Genetik an den LHC-ähnlichen EinhelixProteinen OHP1 und 2 - vom Adamska Labor durchgeführt - wurden in einem evolutionären
Rahmen interpretiert. Im besonderen, ohp1 und ohp2 Knockout Mutanten waren so
lichtempfindlich, dass sie nur unter extremen Schwachlichtbedingungen und auf mit Zucker
ergänztem Nährmedium wuchsen. Dies war ein Hinweis auf fundamental wichtige Funktionen
dieser Proteine bei der Photoprotektion von Photosystem I, was durch ihre taxonomische
Verbreitung sowie ihre Konservierungsmuster in Algen und Pflanzen unterstrichen wurde.
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Das Hauptergebnis dieser Arbeit war ein verbessertes Modell der Evolution der
erweiterten LHC Protein Superfamilie. Indem wir verschiedene phylogenetische Methoden auf
unsere Fragen zugeschnitten haben, konnten wir zeigen, dass LHC und PSBS sowie andere
eukaryotische Dreihelix-Proteine unabhängig voneinander entstanden sind, was im Widerspruch
zu früheren Modellen steht. Wahrscheinlich entstanden sie aus einer Reihe verschiedener ZweiHelix Stress-induzierter Proteine (SEPs). Im Laufe der vergangenen Jahrmilliarden hat sich die
Superfamlie in adaptativen Prozessen verändert, welche die Evolution von neuen Proteinfamilien
und den Verlust andere Familien sowie linienspezifischer Expansionen von Proteinfamlien
beinhalteten. Dies hat Algen und Pflanzen ermöglicht, in einer Vielzahl natürlicher Umgebungen
zu leben und damit unseren Planeten für alle Zeiten verändert.
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Introduction
Origins of Photosynthesis and Photoprotection
The timeline of the evolution of photosynthesis as well as the earliest phototrophic groups are
discussed controversially (Xiong, 2006), both for oxygenic and anoxygenic photosynthesis.
Nevertheless, over the last decades, consent has formed in some important points, for example
that life on Earth already existed before photsynthesis evolved (Olson, 2001). Further, that
cyanobacteria were the first group to produce oxygen in photosynthesis and hereby have
contributed to a major and irreversible increase of higher oxygen levels (Figure 1. (Xiong and
Bauer, 2002). The produced molecular oxygen has enriched our atmosphere over a long period of
time, finally allowing oxygen levels to rise to concentrations that made respiration possible both
for plants and animals (Figure 1). Around 500 million years ago, the oxygen dependent ozone
layer became dense enough to block UV-radiation and thereby facilitated the colonization of land
by plants and animals. Interestingly, some types of Archaeans are also able to live
phototrophically (Olson, 2006) using light-activated ion pumps like bacteriorhodopsin and
halorhodopsin, but they never produce oxygen. Studies on the early evolution of photosynthesis
are sometimes based on geological evidence of stromatolites, layered structures that often contain
evidence for fossile cyanobacteria or Archaea, or alternatively, on the study of hidrocarbons from
old oil shales (Rasmussen et al., 2008). Using the latter approach, cyanobacteria were dated back
to at least 2.2 billion years (Rasmussen et al., 2008), different from previous estimates of up to 3.5
billions of years (Schopf and Packer, 1987).
Molecular phylogenetics offer a complementary perspective on early photosynthesis, based on the
evolutionary conserved pathways of chlorophyll and carotenoid biosynthesis (Xiong et al., 2000)
or based on bacterial and eukaryotic reaction center proteins (Zhang et al., 2007). Still, the
question which group of bacteria (e.g. anoxygenic purpur bacteria, heliobacteria, proteobacteria or
a precursor of cyanobacteria) was the first to evolve photosynthesis, is still unresolved (Xiong,
2006).
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Figure 1. Increase of oxygen concentrations in the atmosphere during the early history of life
(Figure from (Xiong and Bauer, 2002) and modified from (Nitschke et al., 1998) )

A breakthrough in 20th century biology was the re-discovery of the endosymbiontic theory
(Sagan, 1967; Margulis, 1971), stating that the eukaryotic organelles, like mitochondria and
photosynthetic plastids, were once free-living cells and that eukaryotic genomes likely possess
several genomes (Sagan, 1967). All primary chloroplasts of Plantae are believed to have the
same origin (Rodriguez-Ezpeleta et al., 2005). The endosymbiontic theory has direct implications
for the evolution of the light-harvesting complex (LHC) protein superfamily, since the ancestor of
all eukaryotic members of this family including the most abundant membrane protein on Earth
(LHCII), was a one-helix chlorophyll-binding (CB) protein of cyanobacterial origin, as will be
discussed below.

Light Stress and Chlorophyll Fluorescence
Light energy absorbed by chlorophyll molecules in the chloroplast can undergo one of three fates:
it can drive photosynthesis, dissipate as heat or be re-emitted as fluorescence (Maxwell and
Johnson, 2000). The molecular response to high light includes cyclic electron transport around
photosystem II (PSII) reaction center, photorespiration, state transition and thermal dissipation
through carotenoids in the xanthophyll cycle (Niyogi, 1999; Demmig-Adams and Adams, 2003).
Reactive oxygen species that can damage the photosynthetic machinery, especially D1
12

photosystem II reaction center protein, are neutralized by the antioxidant defense system. During
high light stress these defense systems become overloaded. Photoinhibition and photodestruction
may be the consequences, leaving the leaves (here: of A. thaliana) finally photo-bleached (Figure
2).

Figure 2. Mouse ear cress Arabidopsis thaliana under light stress. A. Control plant. B. Photobleached
leaves after 9 hours of high light treatment. Bleaching due to oxidative stress and pigment degradation
(Figure from (Huesgen, 2002, Master Thesis).

As the three basic processes by which excitation energy is used (photosynthesis, thermal
dissipation or fluorescence) occur in competition, the efficiency of photosynthesis and energy
dissipation can be quantified by measuring the chlorophyll fluorescence in vivo (Maxwell and
Johnson, 2000).
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Overview of the extended LHC Protein Superfamily (modified from
Engelken et al., 2011, Book Chapter)
Before focussing on the extended LHC protein superfamily, a few other existing CB proteins
should be mentioned, for example the water soluble CB proteins (WSCP) with a suggested
function in stress protection (Satoh et al., 1998; Satoh et al., 2001; Horigome et al., 2007). Other
CB proteins form part of the inner LHC antennas, like the soluble peridinin-chlorophyll a -protein
(PCP) of Dinoflagellates, the chlorophyll-binding protein (Pcb) of Prochlorophyta, the chlorophyll
a-binding proteins CP43 and CP47 of higher plants and algae or their iron stress-induced (IsiA)
homologs in cyanobacteria, with an old evolutionary history (Zhang et al., 2007).
The defining homologous structure of the extended LHC protein superfamily is a shared CB motif
that is part of a transmembrane (TM) alpha-helix located in the thylakoid membrane. The
extended LHC protein superfamily comprises several families (Figures 1 and 2; reviewed in
(Green and Durnford, 1996; Jansson, 1999; Adamska, 2001; Funk, 2001; Green, 2003; Jansson,
2006), including the best characterized LHC proteins, the stress-induced LHC-like proteins and
the PS II subunit S (PSBS). Despite diverse pigment content, primary sequence similarities
indicate that all these proteins originated from a common ancestor with one TM helix (Green and
Pichersky, 1994; Wolfe et al., 1994; Durnford et al., 1999; Heddad and Adamska, 2002;
Garczarek et al., 2003; Jansson, 2006; Koziol et al., 2007; Engelken et al., submitted).

Figure 3. Schematic overview of the extended LHC protein superfamily. Left, Predicted protein
structures of representative members. A cleavable transit peptide (only present in nucleus-encoded
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members) is followed by a TM alpha-helix containing the homologous CB motif and other sequence
motives. The drawing shows the approximate position and relative length of conserved regions and
sequence motifs. Right, Distribution of CB proteins in photosynthetic organisms. Presence (black circle)
and absence (white circle) of CB proteins in genomic and EST (marked by stars) databases is indicated.
(Figure from Engelken et al., Book Chapter).

While the main function of the majority of LHC proteins consists in the harvesting of light, the
members of the LHC-like protein family, PSBS, and probably of red lineage Chl a/b-binding
(CAB)-like proteins (RedCAP) and the LI818 (LHCx) subfamily of LHC proteins are involved in
mechanisms that act in response to excessive light and protect the reaction centers against
photooxidative damage (Savard et al., 1996; Li et al., 2000; Montane and Kloppstech, 2000;
Adamska, 2001; Funk, 2001; Teramoto et al., 2004). However, also typical LHC proteins are
involved in photoprotection by participation in thermal energy dissipation (Pascal et al., 2005;
Standfuss et al., 2005; Ruban et al., 2007) and state transitions (Haldrup et al., 2001; Wollman,
2001; Allen, 2003; Rochaix, 2007).

Figure 4. Alignment of conserved sequence motifs within members from representatives of the
extended LHC protein superfamily. (Figure from Engelken et al., Book Chapter).

THE LHC FAMILY
The LHC protein family forms antenna complexes in algae and land plants (Figure 1) and is the
largest family of CB proteins in photosynthetic eukaryotes in terms of number of paralogs. All
LHC family members have three TM helices with two CB motifs located in helices I and III
(Figure 1; (Green and Durnford, 1996; Jansson, 1999). This family is divided into subfamilies of
the chlorophyll a -binding (CAA) proteins, the chlorophyll a/b -binding (CAB) proteins, the
chlorophyll a/c -binding (CAC) proteins and lesser known LHC clades including LI818 (Richard
16

et al., 2000) and LHCz (Koziol et al., 2007) (Figure 1). A short summary of these subfamilies is
provided below. The LHCz subfamily whose members were found in some algae, like
Cryptophyta, Haptophyta and Chlorachanophyta (Figure 1; (Koziol et al., 2007), are not described
here in details since there is no biochemical evidence hinting at functions or localizations of these
antenna proteins.

THE PSBS PROTEIN FAMILY
The PSBS proteins are unique within the extended LHC protein superfamily because of four TM
helices. Helices I and III with their CB motifs are similar as are helices II and IV (Figure 3).
Similar to the ELIP subfamily the presence of PSBS is restricted to the green algal lineage and
land plants (Koziol et al., 2007; Bonente et al., 2008; Engelken et al., submitted). Based on
various biochemical studies (Funk, 2001; Dominici et al., 2002; Thidholm et al., 2002) PSBS was
considered to be a member of the PS II core complex. However, electron microscopic studies
have so far not been successful in revealing its specific location. It was proposed that the PSBS
location might be dependent on its oligomerization state (Bergantino et al., 2003). The PSBS
monomer/dimer ratio was found to vary depending on the thylakoid lumen pH in a reversible
manner, the monomer being the prevalent form at acidic and the dimer at alkaline pH. An
association of the PSBS monomer and dimer with the LHC complex and the PSII core complexes,
respectively, has been reported (Bergantino et al., 2003). Recently, Horton and co-workers
suggested that PSBS might be localized outside the PSII supercomplex and be involved in the
macro-organization of the PSII antenna (Horton et al., 2008).
It was demonstrated that PSBS isolated from spinach binds chlorophyll a and chlorophyll b (Funk
et al., 1994; Funk et al., 1995). However, the pigment-binding characteristics of PSBS are
different from those of LHC proteins. Similar to early light-induced proteins (ELIPs) a low
excitonic coupling was reported for PSBS (Funk et al., 1995). In vivo, PSBS is stable without
binding of pigments and accumulates in etiolated plants (Funk et al., 1995). In higher plants PSBS
has been found to be important to protect PSII against overexcitation by non-photochemical
quenching (NPQ) (Li et al., 2000).

THE LHC-LIKE PROTEIN FAMILY
The LHC-like protein family consists of stress proteins located in thylakoid membranes of
cyanobacteria and all photosynthetic eukaryotes investigated so far (Montane and Kloppstech,
17
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2000; Adamska, 2001; Heddad and Adamska, 2002; Engelken et al., submitted). The presence of
one-helix members of the LHC-like protein family in cyanophages has also been reported (Bailey
et al., 2004; Lindell et al., 2004).
The LHC-like protein family is divided into three-helix ELIPs (Montane and Kloppstech, 2000;
Adamska, 2001), two-helix stress-enhanced proteins (SEPs) (Heddad and Adamska, 2002) also
called light-harvesting-like (LIL) proteins (Jansson, 1999), one-helix proteins (OHPs) (Figure 1;
(Jansson et al., 2000; Andersson et al., 2003) and Lhc-like 4 (Lhl4) proteins. One-helix proteins
are called also light light-induced proteins (HLIPs) or small CAB-like proteins (SCPs) in
cyanobacteria (Dolganov et al., 1995; Funk and Vermaas, 1999). While ELIPs are not detected in
thylakoid membranes under low light conditions and accumulate in response to illumination with
high light, significant amounts of SEPs and OHPs are present in the absence of light stress but
their amounts increase during high light exposure (Andersson et al., 2003). A non-light-harvesting
function was proposed for this group of proteins (Montane and Kloppstech, 2000; Adamska,
2001). It is believed that LHC-like protein family members fulfill a protective role within
thylakoids under stress conditions either by transient binding of free chlorophyll molecules and
preventing the formation of free radicals and/or by acting as sinks for excitation energy (Montane
and Kloppstech, 2000; Adamska, 2001).

THE EARLY LIGHT-INDUCED PROTEIN (ELIP) SUBFAMILY
The occurrence of three-helix ELIPs is restricted to the green algal lineage and land plants (Figure
1;(Adamska, 2001; Heddad and Adamska, 2002). ELIPs contain two CB motifs located in the first
and the third TM helices (Figure 1;(Adamska, 2001)). The first ELIP was described by Klaus
Kloppstech and co-workers and was found to be induced very early during greening of etiolated
pea (Meyer and Kloppstech, 1984) and barley (Hordeum vulgare) (Grimm and Kloppstech, 1987)
seedlings. Since ELIP transcripts accumulated very rapidly after the transition from dark to light
and preceded the accumulation of transcripts for other light-regulated genes, these proteins were
named according to this feature. Some years later it was discovered that ELIPs in pea (Adamska
et al., 1992) and barley (Pötter and Kloppstech, 1993) are induced also in mature green plants
exposed to light stress. The accumulation of ELIPs was controlled by blue and UVA light
absorbed by the cryptochrome 1-type receptor (Adamska et al., 1992; Adamska et al., 1992;
Kleine et al., 2007), occurred in a light intensity-dependent manner (Adamska et al., 1992, 1993;
Heddad et al., 2006; Kleine et al., 2007) and correlated with the degree of photoinactivation and
photodamage of PSII reaction centers (Adamska et al., 1992; Pötter and Kloppstech, 1993;
18

Heddad et al., 2006). Other stress conditions were found to trigger a transient induction of these
proteins in various plant species (Adamska, 2001). The expansion in the number of paralogous
ELIP genes in Physcomitrella patens was proposed to represent an evolutionary strategy to avoid
photooxidative damage in the new terrestrial environment (Rensing et al., 2008).
Localization studies revealed that under high light conditions ELIPs accumulated in the major
LHCb antenna system of Arabidopsis thaliana (Arabidopsis) (Heddad et al., 2006). Isolation of
ELIP from light-stressed pea leaves and analysis of pigments revealed the presence of chlorophyll
a and lutein (Adamska et al., 1999). However, isolated ELIPs showed a weak excitonic coupling
between chlorophyll a molecules and a very high lutein content as compared with other CAB
proteins (Adamska et al., 1999); the former suggests that ELIPs do not play a significant role in
light harvesting.

THE STRESS-ENHANCED PROTEIN (SEP) SUBFAMILY
Two-helix SEPs, also called LIL proteins (Jansson, 1999), contain one CB motif located in the
first TM helix (Figure 1; (Heddad and Adamska, 2000; Adamska, 2001). SEPs are ubiquitously
distributed in photosynthetic eukaryotes, from Glaucophyta, red and green algal lineages to land
plants (Figure 1). One SEP sequence was found in the red alga Galdieria sulphuraria, six in
Arabidopsis, and nine in the moss Physcomitrella (Engelken et al., submitted). In the diatoms
Thalassiosira pseudonana and Phaeodactylum tricornutum a single and rather divergent SEP
sequence was found. SEPs appear to be absent in cyanobacteria. A predicted HLIP/SCP-type
protein Hli5 with two predicted TM helices in Synechococcus strain OS-B’ (Kilian et al., 2008) is
not a SEP family member because the CB motif is located in the second TM helix (Engelken et
al., submitted). Hli5 is a putative fusion protein of two proteins “coh1” (cyanobacterial one-helix
protein 1) and HLIP/SCP (Kilian et al., 2008). Its mRNA level seems to be regulated in a way that
differs from the other HLIP/SCPs in Synechococcus strain OS-B´ and the protein topology within
the thylakoid membrane remains unknown (Kilian et al., 2008). For these reasons and due to its
restricted taxonomic occurrence in two related Synechococcus strains the evolutionary
significance of Hli5 seems to be low.
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Figure 5.Arabidopsis sep5 (AT4G28025) knockout mutants and wildtype plants. Six-week-old plants
grown under same conditions used for pulse amplitude modulated (PAM) measurements and expression
analysis. (Engelken, 2005), Master Thesis).

Up to now no detailed functional characterization of SEPs is available. Recently, LIL3 (SEP3)
was demonstrated to assemble as a CB protein complex with chlorophyll a and
protochlorophyllide a during deetiolation of barley (Reisinger et al., 2008). Interestingly, in
contrast to ELIPs the transcript level for two LIL3 orthologs in Arabidopsis, SEP3-1 (At4g17600)
and SEP3-2 (At5g47110), was high in the dark and did not significantly increase during
deetiolation as judged from the analysis of microarray data (Winter et al., 2007). Furthermore, the
SEP3 transcript level remained unchanged upon transfer of Arabidopsis plants to high light
(Jansson, 1999). Therefore, it was proposed that LIL3 in barley might participate in the delivery
of protochlorophyllide a to chlorophyll synthase enzyme and transfer of esterified chlorophyll
from the enzyme to CB proteins of PSI or PSII (Reisinger et al., 2008). In Figure 5, a sep5 mutant
and a wildtype plant with no apparent phenotypic differences are shown (Engelken, 2005), Master
Thesis)..

THE ONE-HELIX PROTEIN (OHP)/HIGH LIGHT-INDUCED PROTEIN (HLIP)/SMALL
CAB-LIKE PROTEIN (SCP) SUBFAMILIES
One-helix CB proteins contain a single TM helix carrying the CB motif (Figure 1; (Dolganov et
al., 1995; Funk and Vermaas, 1999; Adamska et al., 2001; Heddad and Adamska, 2002;
Andersson et al., 2003). They are widely distributed from cyanobacteria to higher plants (Figure
1;(Heddad and Adamska, 2002; Engelken et al., submitted). Two types of OHPs can be
distinguished based on sequence similarity: the OHP1/HLIP/SCP-type (Dolganov et al., 1995;
Funk and Vermaas, 1999; Jansson et al., 2000) and the OHP2-type (Andersson et al., 2003). The
OHP1/HLIP/SCP-type has a wide taxonomic distribution in cyanophages, cyanobacteria and
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photosynthetic eukaryota, whereas the OHP2-type is restricted to eukaryotic organisms and has a
more pronounced stretch of around 75 evolutionary conserved amino acids.
Our knowledge about plant OHPs is very limited. In Arabidopsis accumulation of OHP1 (Jansson
et al., 2000) and OHP2 (Andersson et al., 2003) is triggered by light stress and occurs in a light
intensity-dependent manner. While OHP2 was reported to be associated with plant photosystem I
(PSI) (Andersson et al., 2003), more detailed localization and expression studies exist for
cyanobacterial HLIP/SCPs. HLIP/SCPs from Synechocystis sp. PCC6803 can be reconstituted
with chlorophyll in vitro (Storm et al., 2008), thus confirming their CB nature. Originally, it was
shown that HLIP/SCP transcripts accumulate in response to high light and therefore they were
designated HLIPs (Dolganov et al., 1995). Later it was shown that HLIP/SCPs are also induced
under nutrition, cold and osmotic stresses (Funk and Vermaas, 1999; He et al., 2001). An
important function of these proteins was suggested by the finding that the strongly reduced
genome of the high light-adapted ecotype of Prochlorococcus marinus strain Med4 encodes at
least 24 HLIP/SCP genes (Bhaya et al., 2002). Relatives of HLIP/SCPs have been identified in
cyanophages infecting marine cyanobacteria (Bailey et al., 2004; Lindell et al., 2004).
Synechocystis sp. PCC 6803 mutants with multiple deletions of HLIP/SCP genes are highly
sensitive to illumination and show alteration in pigmentation and in the ability to perform thermal
energy dissipation via a mechanism of NPQ of chlorophyll fluorescence (Havaux et al., 2003; Xu
et al., 2004).
Biochemical as well as immunological studies localized HLIP/SCPs in PSII (Promnares et al.,
2006; Yao et al., 2007; Kufryk et al., 2008), although contradictory reports are also existing. It
was demonstrated for Synechocystis sp. PCC 6803 that HLIA/SCPC and HLIPB/SCPD proteins
are located in trimeric PSI complexes, whereas two others, HLIC/SCPB and HLID/SCPE, are
associated with the PSAL subunit of PSI or with a partially dissociated PSI complex, respectively
(Wang et al., 2008).

THE LHC-LIKE 4 (LHL4) PROTEIN FAMILY
The LHL4 protein family is present in Chlorophyta (Figure 1; Teramoto et al, 2004) and
Mesostigma viridae (this review, GenBank accession EC730580), an early offshoot of the
Streptophyta. Four LHC-like genes, LHL1 through LHL4, were identified in Chlamydomonas
reinhardtii (Teramoto et al., 2004). While three of these genes encoded an ELIP (LHL1), an
OHP1 (LHL2) and a SEP3 (LIL3, LHL3), the LHL4 gene encoded a novel protein that forms a
21

Introduction
separate clade (Figure 2; Teramoto et al., 2004). It was demonstrated that LHL4 transcripts
accumulate in response to high light in a light intensity-dependent manner (Teramoto et al., 2004,
2006). A flavin-based photoreceptor sensing the UVA and blue light was involved in the
regulation of the LHL4 based on the gene expression (Teramoto et al., 2006). A photoprotective
function was proposed for LHL4 proteins.

THE RED LINEAGE CAB-LIKE PROTEIN (REDCAP) FAMILY
Recently, the nuclear-encoded lineage of RedCAP sequences belonging to the extended LHC
protein superfamily were found in red algal lineage, including Rhodophyta, Heterokontophyta,
Haptophyta and Cryptophyta as described in Chapter 3 (Sturm et al., 2010, PhD Thesis ). Apart
from their three-helix structure with two CB motives, RedCAPs do not share any specific
sequence similarity with ELIPs, PSBS or LHCs. Interestingly, second TM helices of RedCAPs are
also conserved. No hints toward subcellular location and physiological function of RedCAPs have
so far been available (but see Chapter 3).
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Abstract
Background: The extended light-harvesting complex (LHC) protein superfamily is a centerpiece
of eukaryotic photosynthesis, comprising the LHC family and several families involved in
photoprotection, like the early light-induced proteins (ELIPs) and the photosystem II subunit S
(PSBS). The evolution of this complex superfamily has long remained elusive, partially due to
previously missing families.
Results: In this study we present a meticulous search for LHC-like sequences in public genome
and expressed sequence tag databases covering twelve representative photosynthetic eukaryotes
from the three primary lineages of plants (Plantae): glaucophytes, red algae and green plants
(Viridiplantae). By introducing a coherent classification of the different protein families based on
both hidden Markov model analyses and structural predictions, numerous new LHC-like
sequences were identified and several new families were described, including the red lineage
chlorophyll a/b -binding (CAB)-like protein (RedCAP) family from red algae and algae with
complex red plastids. The testing of alternative topologies of sequences of the highly conserved
chlorophyll-binding core structure of LHC and PSBS significantly supports the independent
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origins of LHCs and PSBS via two unrelated internal gene duplication events. This result was
confirmed by the application of cluster likelihood mapping.
Conclusions: The independent evolution of LHCs and PSBS is supported by strong phylogenetic
evidence. In addition, a possible origin of LHC and PSBS from different members of the stressenhanced protein family, a diverse and anciently paralogous group of two-helix proteins seems
likely. The new hypothesis for the evolution of the extended LHC superfamily proposed here is in
agreement with our character evolution analysis that incorporates the distribution of families and
subfamilies across taxonomic lineages.

Intriguingly, stress-enhanced proteins, which are

universally found in the genomes of green plants, red algae, glaucophytes and in diatoms with
complex red plastids, could represent an important and previously missing link in the evolution of
the extended LHC protein superfamily.
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Introduction
The evolution of algae and land plants and their photosynthetic machineries is intimately linked to
the extended light-harvesting complex (LHC) protein superfamily. A shared chlorophyll-binding
(CB) motif that is part of a transmembrane (TM) alpha-helix located in the thylakoid membrane is
the homologous core structure of this protein superfamily. Several families possess CB motifs
(Durnford et al., 1999; Montane and Kloppstech, 2000; Adamska et al., 2001; Green, 2003;
Jansson, 2006), including the LHC proteins, the LHC-like proteins, the subunit S of photosystem
II (PSBS), the ferrochelatase II and a new family described in this work, the red lineage
chlorophyll a/b-binding (CAB)-like proteins (RedCAP). Ferrochelatases are enzymes that
catalyses the terminal step in the heme biosynthesis. Two different ferrochelatases exist in plants
(Chow et al., 1998), but since only one of them possesses a CB motif and is imported into
chloroplasts (Suzuki et al., 2002) we included only ferrochelatase II into our study. Nonhomologous pigment-binding proteins, such as the prochlorophyte CB protein family (Roche et
al., 1996; Zhang et al., 2007) considered here. While the PSBS family consists of four-helix
proteins (Funk, 2001), the LHC-like protein family is divided into three-helix early light-induced
proteins (ELIPs) (Montane and Kloppstech, 2000; Adamska et al., 2001), two-helix stressenhanced proteins (SEPs) (Heddad and Adamska, 2002) and one-helix proteins (OHPs) (Jansson
et al., 2000; Andersson et al., 2003), which in cyanobacteria are also called high light-induced
proteins (HLIPs) or small CB-like proteins (Dolganov et al., 1995; Funk and Vermaas, 1999). In
contrast to LHC proteins, whose primary function is the absorption of light through chlorophyll
excitation and transfer of absorbed energy to photochemical reaction centers, members of LHClike and PSBS families are likely involved in stress protection (Dolganov et al., 1995; Funk and
Vermaas, 1999; Li et al., 2000; Montane and Kloppstech, 2000; Adamska, 2001).

25

CHAPTER 1: Origins of the extended LHC protein superfamily
Many different models have been proposed for the evolution of the extended LHC superfamily
(Green and Pichersky, 1994; Durnford et al., 1999; Jansson, 1999; Montane and Kloppstech,
2000; Green, 2001; Garczarek et al., 2003; Koziol et al., 2007). Most of them postulate a fourhelix intermediate, similar to PSBS, as the ancestor of the LHC, ELIP and PSBS families, or
alternatively, a direct origin from HLIPs (Green, 2003). Currently, the interpretation of the
function and taxonomic distribution of these proteins is hampered by the absence of clearly
defined families and a consistent framework of their evolution.

In the attempt to solve this problem, we systematically searched representative genomic and
expressed sequence tag (EST) databases for members of the extended LHC protein superfamily
with a special focus on LHC-like sequences. Systematic analysis of their taxonomic distribution
together with their primary and predicted secondary structures allowed us to provide a coherent
classification and to propose an improved hypothesis for the evolution of this superfamily.

Results and Discussion
CLASSIFICATION OF THE EXTENDED LHC PROTEIN SUPERFAMILY
We developed a classification scheme for all major families of the extended LHC protein
superfamily, based on (i) sequence similarity (hidden Markov model, HMM, analysis and BLAST
search against a local collection of LHC-like sequences), (ii) secondary structure prediction, and
(iii) sequence motifs, like the CB and carotenoid-binding motifs (Bassi et al., 1999) (see also
Material and Methods). Especially the HMM analyses were very powerful in assigning
meaningful families. In this way we were able to assign all identified sequences to families and
subfamilies (Table S1 in Additional data file 1). In contrast to HMM analysis, BLAST searches
against public databases were not very useful for the purpose of classification due to the often
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poor or even misleading annotations of the deposited sequences. In order to visualize the HMM
analysis as one of several classification criteria, we prepared sequence logos for the common
protein families based on the alignments used for the HMM profiles (Figure 1).

For each protein family, the HMM profiles captured unique similarity patterns. Interestingly, the
sequence logo-plots showed specific and highly conserved amino acid positions for given LHC,
PSBS, RedCAP protein families and LHC-like protein subfamilies (marked by orange arrows in
Figure 1), in addition to the ubiquitously conserved positions glutamate E-0 and arginine R-5. Due
to their conservation pattern, these family -specific amino acid residues are expected to be
functionally relevant and likely are correlated to specific molecular and physiological functions of
the respective protein families. For example, several proline (P) residues are conserved at
different positions in OHP1 and the RedCAP family (see orange arrows). Likewise, OHP2, ELIP,
LHC and PSBS all possess several specific and highly conserved residues of currently unknown
function. In contrast to this, the sequence logos of the LHC-like protein subfamilies, HLIP and
SEP, do not reveal uniquely conserved amino acid positions, they can, however, be found in
subsets of HLIP and SEP (data not shown). The most likely explanation is that these two families
are anciently paralogous, in addition they are the oldest families. Another set of amino acid
positions of potential functional interest are residues that are conserved across a distinct subset of
protein families, like several amino acids within the first TM helix and one (glutamine Q-28) at
the C-terminal end of the first TM helix in SEPs, OHP2, ELIPs and PSBS (blue arrows in Figure
1).
In order to further visualize the classification scheme, we show a sequence as an example for each
of these families (Figure S1 in Additional data file 1). An example for the classification process
can be found in Table S2 in Additional data file 1 based on the sequences identified in
Cyanophora paradoxa, a well-studied glaucophyte. The table includes assigned accession
numbers from GenBank, the predicted number of TM helices, the best p-values and scores from
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the HMM as well as from the local BLASTP analysis and a suggestion for their classification. An
overview of the basic structural elements of the members of the superfamily is shown in Figure
2A.

TAXONOMIC DISTRIBUTION
A diverse set of sequences with the characteristic CB sequence motif was found in systematic
database searches. The 15 organisms under study represent the three major lineages of Plantae
(Archaeplastida), including glaucophytes (2), red algae (2), green algae (2) and four divergent
land plants (a moss, a conifer, a monocot and a dicot), as well as two diatoms (stramenopiles) and
three divergent cyanobacteria. Individual sequences are listed in Table S1 in Additional data file
1. The sensitivity of our search approach was demonstrated by the identification of numerous
previously unreported sequences that belong to the extended LHC protein superfamily, including
three sequences from the well-annotated genome of Arabidopsis thaliana. Homologous sequences
were exclusively found in photosynthetic organisms and were neither present in the ciliates
Tetrahymena thermophila and Paramecium tetraurelia nor in the oomycete stramenopile
Phytophtora ramorum (Tyler et al., 2006) (related to diatoms), which were recently suggested to
have had a photosynthetic ancestry (Reyes-Prieto et al., 2008). The only exceptions to this rule are
transducing cyanophages (bacteriophages that infect cyanobacteria) that contained several HLIP
sequences in their genomes (Lindell et al., 2004).

The identified sequences of the extended LHC protein superfamily show a unique distribution
across the taxonomic lineages. The presence/absence of LHC, RedCAP and PSBS families and
several LHC-like subfamilies is presented in Figure 2B. An ancestral character analysis within the
framework of an established consensus plastid phylogeny suggests the likely order of emergence
of the different protein families (Figure 2C, see also Material and Methods).
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Since the HLIP/OHP1 are ubiquitously distributed among eukaryotes and represent the only group
(except for the fusion protein ferrochelatase II) that is also present in cyanobacteria, the
cyanobacterial HLIPs are generally assumed the origin of the eukaryotic LHC superfamily. They
are still plastid-encoded in glaucophytes and red algae. The plastid-encoded eukaryotic HLIPs are
orthologs of the nuclear-encoded OHP1 sequences in the green lineage (Viridiplantae), which
were transferred to the nucleus via endosymbiotic gene transfer (Jansson et al., 2000), and
apparently plastid-encoded HLIPs were lost in the green lineage. Some nuclear-encoded one-helix
sequences from the red lineage and glaucophytes were named OHP1-like, but they showed no
specific sequence similarity to OHP1. OHP2 are distributed ubiquitously across photosynthetic
eukaryotes and are different from HLIP/OHP1 by possessing a short C-terminal hydrophobic
element, which is possibly embedded in the thylakoid membrane (Andersson et al., 2003). In
addition, their significantly different primary sequence structure (Figure 1) makes them a unique
group within the LHC-like family.

At least some LHC subfamilies, like CAB, fucoxanthin chlorophyll a/c-binding proteins (FCPs)
and LI818, are present in all major red and green lineages, but apparently not in glaucophytes
(Figure 2B). It seems highly unlikely that these abundant proteins would remain undetected in all
EST approaches and thus would escape detection in the current study. This absence of molecular
data is supported by immunological methods (Koike et al., 2000). A 28 kD protein cross-reacting
with an antibody raised against FCP of a marine raphidophyte was reported in glaucophytes
(Rissler and Durnford, 2005). Unfortunately, the question whether this 28 kD protein belongs to
the LHC family remained unresolved since it cannot be excluded that it only shares epitopes with
LHC proteins but is structurally different (Rissler and Durnford, 2005). Based on these studies
Koziol and colleagues (Koziol et al., 2007) proposed an origin of LHC at the basis of the green
and red algal lineage that is in agreement with our conclusions.
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REDCAPS AND OTHER NEW SEQUENCES
While most families of the extended LHC protein superfamily had been described earlier, the
nuclear-encoded RedCAPs from the red lineage (Sturm S, Gruber A, Engelken J, Vugrinec S.,
Adamska I, Kroth P, Lavaud J, unpublished) have not been defined yet. The RedCAP family and
the OHP2 subfamily can be reliably assigned based on HMM and BLASTP analyses (Table S1 in
Additional data file 1). RedCAP sequences form a well-conserved family, and in contrast to ELIP
or LHC proteins also their second helix is conserved. In public databases, RedCAP sequences
sometimes are erroneously described as HV60 (based on the name of an ELIP sequence from
Hordeum vulgare). However, based on primary sequence similarity, sequence length,
conservation patterns, HMM analyses and phylogenetic analyses we found no indication that
RedCAPs were specifically related to any other group of the extended LHC protein superfamily.
In contrast to the almost ubiquitous OHP2s and SEPs, the RedCAPs are clearly restricted to the
red lineage, whereas PSBS and ELIPs are limited to the green lineage without any overlap (Figure
2B and C).

In addition to two copies of the already described PSBS in the green algae Chlamydomonas
reinhardtii [JGI_Chlre4: 196341 and 171516], we identified a third rather divergent PSBS
sequence, which we named PSBS-like [JGI_Chlre4: 175221]. Based on HMM analysis, BLASTP,
phylogenetic analysis (data not shown) and the number of TM helices it can be clearly classified
as a PSBS (or a PSBS-like) sequence (Table S1 in Additional data file 1). This new sequence
encodes a 311 amino acid long protein that has a highly similar counterpart in Volvox carteri with
a length of 316 amino acid [JGI_Volca1: 94261]. Both sequences (PSBS-like) are likely
functional, based on the highly conserved exonic sequences in the C. reinhardtii - V. carteri
comparison, although no EST is available. As a side-note, it has recently been shown that in
Chlamydomonas, the common PSBS protein may not be translated under many growth conditions
(Bonente et al., 2008). Notably, a high number of LHC-like sequences were identified in the
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genome of Physcomitrella patens that had partially been described in the general genome analysis
(Rensing et al., 2008) and in a second analysis with a special focus on the antenna gene
supplement (Alboresi et al., 2008).

BROAD TAXONOMIC DISTRIBUTION OF THE TWO-HELIX SEP FAMILY
SEPs were defined as a LHC-like subfamily with one characteristic CB motif and a conserved
secondary structure with two TM helices. SEPs are absent in cyanobacteria, but they seem
ubiquitously distributed in photosynthetic eukaryotes. A total of 40 SEP sequences were identified
in 15 organisms. In the glaucophytes we found six sequences in Glaucocystis nostochinearum
and two in C. paradoxa and in streptophytes, six sequences in A. thaliana and with nine the
largest number in the moss P. patens (Table S1 in Additional data file 1). Among the Cyanidiales,
the red alga Galdieria sulphuraria has one SEP, whereas the completely sequenced thermo- and
extremophile red alga Cyanidioschyzon merolae has none. In algae with complex red plastids, we
have detected a single rather divergent SEP in each of the two diatoms Phaeodactylum
tricornutum and Thalassiosira pseudonana and in the pelagophyte Aureococcus anophagefferens.
The presence of only one SEP in these taxa could be due to a streamlining process of the genome
size of these particular taxa. Therefore, SEPs do not appear to be essential in the red lineage and
seem to have been secondarily lost from several taxa.

Phylogenetic analysis of the SEP sequences shown in Figure 3A suggests the presence of several
ancient paralogous groups, with the highest diversity found in land plants containing five SEP1-5
groups. Notably, two previously not described orphan SEP groups, SEP4 and SEP5, were found in
land plants. SEP groups other than SEP1-5, despite some affinities based on HMM and
phylogenetic analysis, were preliminarily named SEPx. SEPx.1 and SEPx.2 form two of several
ancient SEP lineages in glaucophytes and both orthologs are present in two rather distantly related
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species, C. paradoxa and G. nostochinearum. Diatoms have similar to red alga a low number of
SEP sequences. The phylogenetic tree is compatible with the assumption of several ancient
paralogous groups within the SEP family. However, the question whether all SEPs are
monophyletic or if certain groups, like the highly conserved SEP3 (LIL3), emerged later
independently, remains an open question. Also the ultimate number of groups within the SEP
family is not known and an answer will surely have to await at least until many more completely
sequenced and taxonomic diverse genomes are available. Although, there is currently no solid
support, neither for nor against the monophyly of SEPs, a single origin seems the most
parsimonious scenario. We note that divergent groups, like SEP3 (LIL3), branch more solidly
with other SEPs within the family, when more (and previously missing) SEP groups are being
added to the phylogenetic analysis (Figure 3A).

The similarity in predicted secondary structure of SEPs is shown for selected SEP sequences from
the three major lineages of Plantae i.e. glaucophytes (C. paradoxa), red lineage (G. sulphuraria)
and green lineage (A. thaliana) in Figure 3B, using the Dense Surface Alignment (DAS)
algorithm (Cserzö et al., 1997). The high similarity of their predicted primary structure is
displayed in Figure 3C. In cyanobacteria and cyanophages, no SEP-like sequences have been
found, which is consistent with the idea of a eukaryotic origin of SEPs. The recent finding of a
fusion protein with two predicted TM helices in a Synechococcus strain, termed hli5OS-B’
(similar to YP_478210) (Kilian et al., 2008), is not relevant for our study, since the order of the
two TM helices (“coh1” preceeds the CB motif containing HLIP), is inversed compared to twohelix SEPs.

The identification of SEPs, as well as OHP2, in the red lineage and in glaucophytes (Figure 2B
and C and Table S1 in Additional data file 1) is a notable extension of their previously known
distribution within chlorophytes and streptophytes (Viridaeplantae). This distribution argues
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strongly in favor of an early origin of SEPs and OHP2 in the common eukaryotic ancestor of
Plantae that predates the origin of all three- and four-helix proteins (Figure 2C).

INDEPENDENT ORIGINS OF LHC AND PSBS IN DISCRETE DUPLICATION EVENTS
The PSBS proteins are predicted to form four-helix structures that were proposed to have
originated in an internal gene duplication (Kim et al., 1992; Wedel et al., 1992). It was also noted,
that the two halves of PSBS are more related to each other than the comparable parts of the LHC
(Green and Pichersky, 1994). In contrast to PSBS, the origin of the LHCs is less clear. Among
other scenarios (Green, 2003), it was suggested (Green and Pichersky, 1994) that LHC and PSBS
evolved from a common four-helix ancestor (Figure S2A in Additional data file 1).

However, our phylogenetic analyses (Figure 4 and Figure S3 in Additional data file 1) do not
support this scenario but strongly favor two independent duplication events. In order to evaluate
the evidence for or against a common origin of LHC and PSBS, a phylogenetic analysis of
individual CB-TM helices from a representative and large number of different LHC and PSBS
sequences was performed. Therefore, 10,000 random puzzle quartets created out of the 120
individual helices of 32 amino acid length (originally extracted out of 60 protein sequences with
64 aligned amino acid positions), corresponding to the first and third helices of both LHC and
PSBS, were mapped on three possible topologies (Figure 4A, top triangle) in a four-cluster
likelihood mapping analysis ((Strimmer and von Haeseler, 1997), see also Material and Methods).

In the tri-partite diagram, 94.1% of the quartets support the respective sister-group relationship of
helices I and III among both LHC and PSBS versus 2.5% support the topology expected under the
scenario of a common origin. In the more stringent diagram (Figure 4A, right bottom triangle
divided into seven areas), the result was 84.2% versus 0.2% and 0.5%, with 10.9% that are not in
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favor of any of the three alternative topologies (unresolved quartets). This result strongly
contradicts the often favored, long-standing evolutionary scenario of a common origin shown in
Figure S2A in Additional data file 1 (Green and Pichersky, 1994). In this case the first and the
third helices of both, LHC and PSBS, would most resemble each other and therefore cluster
together in a phylogenetic tree. This tree topology is displayed at the bottom right corner of the
PUZZLE triangle diagram of Figure 4A and should be the only one supported. However, this
alternative is supported by only 2.5% and 0.2%, respectively. The support for the common origin
is therefore even lower than the support for the biologically unrealistic solution of a hybrid
LHC/PSBS protein that is nevertheless supported by 3.4% and 0.5%, respectively (Figure 4A, left
bottom triangle).

We accounted for the high degree of sequence diversity in the complex LHC family by
incorporating all five LHC subfamilies (CAB, Li818 and Li818-like, the red algae/cryptomonad
LHC and FCP), as well as a newly described clade LHCz (Koziol et al., 2007). PSBS likewise
were chosen from taxonomically distant green algae and land plants. When the dataset was
reduced by removing the fast-evolving (long-branch) Ostreococcus tauri PSBS and the PSBS-like
sequences from V. carteri and C. reinhardtii, as well as the divergent LHCz and FCP sequences,
the percentage of unresolved quartets strongly decreased and the support for the clustering of
helices I and III was further improved (99.8% versus 0.2%, Figure S4A in Additional data file 1).
However, to include the maximal sequence diversity we show the more conservative result of the
larger dataset with 120 sequences (Figure 4A). The presence of a great number of phylogenetic
diverse sequences resulted in a highly informative alignment, despite its short length of 32 amino
acid positions. Sequences could be readily aligned due to the virtual absence of both gaps and
insertions within and surrounding the CB-TM helices. We chose to limit the analysis to a short but
accurate alignment and avoided the potentially dangerous inclusion of many unreliably aligned
positions. Nevertheless, the result is quite robust to the inclusion of more noisy positions (data not
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shown), but note the major difference observed after the removal of fast evolving and divergent
sequences (84.2% versus 99.8%). The surprisingly strong phylogenetic signal is also reflected in a
low percentage of partially (4.2%) and completely (10.9%) unresolved quartets in this analysis
(Figure 4A), which are essentially due to the inclusion of divergent primary sequences.

In the attempt to further validate our finding we inferred a maximum likelihood tree using a
representative set of CB-TM sequences from LHC and PSBS families and the SEP family (shown
schematically in Figure 4B and entirely in Figure S3 in Additional data file 1). The results
revealed that helices I and III of PSBS formed a monophyletic group (bootstrap value 85/83, with
and without gamma correction) and the same situation was encountered for the LHC helices,
albeit with weaker support (51/41). To test if this topology (Figure 4B) was significantly better
than the one expected under the old scenario (Figure S2B in Additional data file 1), the expected
likelihood weight and the Shimodaira-Hasegawa topology tests were performed in Tree-Puzzle.
The scenario of Figure 4B is supported at a very high significance level (p=0.0001) by both tests.
In agreement with this result we note that the duplicated area within both LHC and PSBS
sequences extends substantially beyond the shared CB-TM helices and is not homologous
between the two groups.

Functional constraints acting on CB motifs could hypothetically interfere with the genuine
phylogenetic signal analyzed. However, this should affect functional sites and these sites (like
glutamate E+0, histidine/asparagines H/N+3 or arginine R+5 in LHCII from spinach Spinacia
oleracea) (Kuhlbrandt et al., 1994) are conserved to such a high degree that they essentially do
not contribute to the phylogenetic signal. This was confirmed in an additional likelihood mapping
analysis, where these three functional sites were omitted (89.3% versus 5.0%, Figure S4B in
Additional data file 1). Furthermore, the CB motifs are generally under purifying selection
maintaining structure and function. This selective force results in divergent rather than convergent
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evolution. Therefore, we conclude that potential functional constraints do not substantially
interfere with the phylogenetic signal.

CHARACTER EVOLUTION AND THE POSSIBLE ORIGINS OF LHC AND PSBS FROM
DISTINCT SEPS
Since all LHC subfamilies share a common origin (Wolfe et al., 1994) and are absent in
glaucophytes, the first LHCs did most likely evolve in a common ancestor of the red and green
lineages ((Koziol et al., 2007) and Figure 2C). The presence of two-helix SEP proteins in all three
lineages of plants and deduced from this distribution their existence in the common ancestor,
potentially already in form of paralogous copies (Figure 2C), make them prime candidates for the
origin of LHCs. The internal gene duplication of a two-helix sequence would provide a simple
and parsimonious explanation for the origin of the second, less-conserved CB-TM helix in LHC
proteins. This makes SEPs a better candidate for the origin of LHC proteins than the previously
proposed HLIPs (Green, 2003; Koziol et al., 2007). Furthermore, in eukaryotes HLIPs tend to
occur as single copy genes and are plastid-encoded, whereas the internal gene duplication/unequal
crossing-over event of tandem genes from which the first LHC evolved, is very likely to have
taken place in the nuclear genome. There are several different processes, which may result in an
internal gene duplication: (i) a slippage of the replication apparatus may lead either to a duplicated
or to a deleted region, this process is happening rather frequently and is leading to duplicated
areas (genes) arranged in tandem, and/or (ii) if there are already at least two closely related copies
of a gene arranged in tandem, an unequal crossing-over between different copies on the two sisterchromosomes may lead to a fusion of parts of two genes (resulting in an internal duplication) on
one chromosome and to a truncated copy on the other.

In light of these mechanistic considerations it seems that genes which (i) occur in tandem repeat
units, and (ii) are nuclear-encoded did most likely provide the genomic context for the proposed
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internal gene duplication. In addition, even a nuclear copy of a HLIP/OHP arranged in tandem
would not be sufficient to generate an LHC, since there are no second transmembrane helices,
which would need to be newly created. Again, all these characteristics favor SEPs over HLIPs as
candidates for the origin of LHC proteins.

Most members of the LHC family contain the well-conserved carotenoid-binding motif (Bassi et
al., 1999) consisting of the amino acid residues FDPLGL (or similar) found approximately 15
amino acid positions in front of the CB motif in both, the first and third TM helices. However,
neither RedCAP and ELIP nor PSPS family members harbor this specific carotenoid-binding
motif in any of the two possible locations. This would make a two-helix protein that already
contained the carotenoid-binding motif the most likely source for the origin of the LHCs.
Intriguingly, we found a SEP sequence (named here SEPx.4) in the glaucophyte G.
nostochinearum that contains the three core amino acid residues FDP of the carotenoid-binding
motif in the expected distance from the CB motif (Figure S5 in Additional data file 1).

Taken together, analyses of the individual helices including additional and independently
conserved elements in LHC and PSBS sequences provide direct evidence for their origins by
distinct internal gene duplication events. Likely, from a pool of paralogous two-helix SEPs, one
SEP subfamily member gave rise to the LHC protein family by internal gene duplication.
Likewise, the PSBS protein family evolved from a distinct SEP (Figure 4C). This view is
corroborated both by extensive database searches and a recent study (Koziol et al., 2007) showing
that PSBS is widespread within, but restricted to the green lineage. Interestingly, a cluster of
newly identified SEP sequences in mosses, e.g. the slowly evolving SEPx from P. patens
(recently described as LIL7 in (Alboresi et al., 2008), shows rather high sequence similarity to
PSBS helices I and III from both A. thaliana and C. reinhardtii (Figure 5) and thus, could
represent the ancestral SEP subfamily from which PSBS originated.
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EVALUATION OF ALTERNATIVE SCENARIOS
Many attempts have been made to solve the question of the order in which the different families
and subfamilies of the extended LHC protein superfamily have originated (Green and Pichersky,
1994; Wolfe et al., 1994; Heddad and Adamska, 2002; Jansson, 2006). The existence of a LHClike protein with only two TM helices as the ancestor of three- and four-helix proteins was already
predicted more than one decade ago (Green and Pichersky, 1994; Green and Kuhlbrandt, 1995),
but the first experimental proof was only presented many years later in A. thaliana (Heddad and
Adamska, 2000). While the number and diversity of identified sequences and families
progressively increased, the order of their emergence remained enigmatic. The reason for this
major limitation lies in the small size of their defining element the CB helix and the considerable
age of the families under study, which renders it impossible to simply deduce the order of their
emergence from a phylogenetic analysis of the primary sequences. In order to overcome this
limitation, we took advantage of (i) the new wealth of sequence data with special emphasis on
completely sequenced genomes, (ii) recent multi-gene phylogenies that established a solidly
supported phylogenomic tree of plastids, as well as the basal position of glaucophytes (ReyesPrieto and Bhattacharya, 2007), and (iii) an independent phylogenetic approach in which we test
the hypothesis of independent origins of the LHC and PSBS families.

An initial hypothesis for the order of emergence of the different family members was deduced
from their taxonomic distribution using the ancestral character evolution analysis (Figure 2C).
Although the “tree of eukaryotes” is still far from being resolved (Keeling et al., 2005), the
topology of the underlying (plastid) tree of photosynthetic eukaryotes used in this study is
supported by several publications (Martin et al., 1998; lMoreira et al., 2000; Yoon et al., 2004;
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Rodriguez-Ezpeleta et al., 2005). By relying on established group/species relationships, character
evolution is independent of the potential pitfalls of phylogenies based on a single or a few genes.

The establishment of a rigorous classification scheme for the various families of the extended
LHC protein superfamily was based on primary and secondary sequence information from a
comprehensive database search. The fact that independent approaches (BLAST, HMM, different
phylogenetic methods, TM helix analysis) led to mutually compatible results makes us confident
that the proposed relationships reflect to some detail biological realities.

A possible alternative for the origin of certain families could be to assume their origin at an earlier
stage, e.g. the PSBS in the common ancestor of red/green lineages. However, apart from requiring
complete secondary loss in several lineages, this scenario would not provide more plausible
explanations for the origin of the remaining families. Individual families, nevertheless, may have
experienced isolated losses in certain taxonomic groups, like the SEPs that were lost in the
extremophile red alga C. merolae and in certain algae with complex red plastids, e.g. Emiliania
huxleyi, but not in G. sulphuraria, in diatoms or in the pelagophyte A. anophagefferens. A broad
taxonomic distribution, the presence of CB motifs and a conserved secondary structure would
support a role of SEPs as recurrent building blocks of three-helix proteins, like LHC and fourhelix proteins, like PSBS.

Based only on EST databases we cannot rule out the presence of additional relevant protein
families of the extended LHC protein superfamily, for example in the two glaucophytes.
However, we note that the chosen databases present very substantial numbers of unique ESTs. For
C. paradoxa 9,867 unique EST clusters are available at TBestDB (O'Brien et al., 2007), which
were derived from two different EST libraries, one based on mRNAs from “high light” and the
other from “low light regular” conditions. TBEST contains also 4,673 EST clusters derived from
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C. paradoxa grown under different CO2 environments, as well as 8,745 unique EST clusters from
G. nostochinearum. Additional glaucophyte ESTs are available from NCBI. Hence, the risk of
overlooking important relevant protein families is substantially reduced due to the availability of
different environmental conditions, with the ultimate proof being the genome sequences of these
two distantly related glaucophytes. Based on available resources we currently assume that ELIP,
RedCAP, LHC and PSBS proteins do not exist in glaucophytes. In addition, even if new LHC-like
families were found in glaucophytes, this would not affect the independent origin of LHC and
PSBS.

HYPOTHESIS FOR THE EVOLUTION OF THE EXTENDED LHC PROTEIN
SUPERFAMILY
Similar to previous models, we assume a stepwise evolution from the cyanobacterial HLIPs to the
central group of SEPs (Figure 6). However, a crucial novelty of our model are the independent
origins of PSBS, LHC and possibly also the other three-helix protein families. Based on character
evolution analysis (Figure 2C), sequence motifs and the evidence for the independent origins of
the PSBS and LHC families (Figure 4) we propose that (i) early LHC proteins originated in the
red/green ancestor, likely from a SEP, and subsequently diversified into different antenna proteins
in the red and green lineages, and (ii) PSBS arose early in the evolution of the green lineage from
a distinct SEP. With less certainty, as mainly based on the taxonomic approaches, we further
propose that (iii) ELIPs are neither ancestral to PSBS nor to LHC, but possibly evolved
independently in the green lineage, and (iv) RedCAP sequences are limited to the red algal
lineage.

The proposed model (Figure 6) can explain the diversity of the extended LHC superfamily in
cyanobacteria and photosynthetic eukaryotes. Notably, paralogs of the identified two-helix SEPs
likely represent an important missing link in the evolution from the ancestral HLIPs to their three40

and four-helix descendants in eukaryotes. Furthermore, this model does neither invoke events of
horizontal gene transfer nor massive secondary losses, although it requires an additional internal
gene duplication event. The discovery of many new and sometimes distantly related sequences
(e.g. three in the well-annotated A. thaliana genome) suggests that our search has identified all
available canonical LHC-like sequences in the surveyed genomes. Additional database searches
(see Materials and Methods) were in agreement with these results and conclusions.

Conclusions
Using sequence data from a wide diversity of photosynthetic eukaryotes, cyanobacteria and nonphotosynthetic organisms we identified many new members of the extended LHC protein
superfamily. We propose both a simple and powerful classification scheme based on predicted
primary and secondary structures. A new and coherent hypothesis of the evolution of the extended
LHC protein superfamily was inferred (Figure 6), supported by comparative genomics and
molecular phylogenetic approaches. Importantly, the present study sheds light on the significance
of two-helix SEP proteins and other LHC-like proteins with the discovery of their unexpected
diversity and characteristic distribution across photosynthetic eukaryotes. From these evolutionary
patterns we expect that proteins of the LHC-like family perform important yet largely unknown
functions in photoprotection of photosynthesis.
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Material and methods
SEQUENCE SEARCH AND ANNOTATION
Initially, fully sequenced genomes and large EST databases (Table S1 in Additional data file 1)
representing twelve photosynthetic eukaryotes (Plantae) and three cyanobacteria were searched
for sequences belonging to the extended LHC protein superfamily. Subsequently, sequence data
from additional genomes were collected from public databases including TBestDB (O'Brien et al.,
2007),

NCBI

[http://www.ncbi.nlm.nih.gov],

TIGR

[http://www.tigr.org],

Kazusa

[http://bacteria.kazusa.or.jp/cyanobase] and UniProt [http://www.uniprot.org]. We excluded some
available genomes from the ancestral character evolution analysis either because of their unclear
taxonomic position (E. huxleyi), their preliminary nature (Fragilariopsis cylindrus, A.
anophagefferens, V. carteri, Chlorella sp., Micromonas sp. and Selaginella moellendorffii) or
their highly similar content of LHC-like sequences to A. thaliana (Populus trichocarpa,
Arabidopsis lyrata, Vitis vinifera), Oryza sativa (Sorghum bicolor) or Ostreococcus lucimarinus
(other Ostreococcus spp.) genomes. Database searches were done with the TBLASTN and
BLASTP algorithms using consensus sequences for individual subgroups and non-stringent evalues (e=0.1). When public annotations were unclear or missing, the genes were annotated
manually with the help of the GeneWise algorithm (Birney et al., 2004) and the tools at the
genome browser of the Joint Genome Institute [http://genome.jgi-psf.org]. EST sequences were
translated and manually controlled for frame-shifts that might have created artifacts and gene
models were submitted to TPA_inf at NCBI [http://www.ncbi.nlm.nih.gov/Genbank/TPA-Inf].
For transit peptide prediction the predictor ChloroP was used [http://www.expasy.org/tools]. In
diatoms, the presence/absence of a characteristic N-terminal signal sequence (Kilian and Kroth,
2005) and in red algae the twin-arginine motif (Bendtsen et al., 2005) were used for signal peptide
prediction. All identified LHC-like sequences from 15 organisms are given in Table S1 in
Additional data file 1. Genes with identical deduced amino acid sequence, but different genomic
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location, as well as closely related ELIPs arranged in tandem (especially in P. patens), were listed
under a single accession number. In general, annotation was straightforward due to the shortness
and intron-scarcity of most LHC-like sequences, as well as due to the presence of transit peptides
and signal sequences.

CLASSIFICATION OF SEQUENCES
For the HMM analysis (Eddy, 1998) we prepared seed alignments containing the first CB motif
for each known or newly found protein family. For HLIP and SEP several starting sequences were
chosen in order to adequately cover their entire sequence diversity. The length of all alignments
was limited to 54 amino acid positions in order to allow the comparison across all families. The
seed alignments were augmented in a step-wise manner with the best hits from a sequence search
in our local dataset consisting of all identified sequences from 15 organisms and used to create
sequence logos (http://weblogo.berkeley.edu, Figure 1). From the same alignments we built a
conservative HMM database containing 18 profiles (Table S1 in Additional data file 1). After
calibration we searched the entire local collection of LHC-like sequences from 15 organisms
against this HMM database. The three best hits to the local HMM profile database are given in
Table S1 in Additional data file 1. Starting from full-length sequences, we used BLASTP
(Altschul et al., 1997) version 2.2.10 to search all sequences against the same local collection of
sequences. P. patens ELIPs were not numbered due to the number of ELIPs in tandem and
therefore they were not part of the Local Reference Set used for BLASTP. The four best local
BLASTP hits against the local collection of LHC-like sequences are given in Table S1 in
Additional data file 1. HMM profiles were the most sensitive tool for classification of LHC-like
sequences and this classification was complemented by local BLASTP analysis that have the
advantage of using the entire sequence. Prediction of prokaryotic TM alpha-helices was done with
the DAS program (Cserzö et al., 1997; Cserzo et al., 2002) (all proteins were treated as
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prokaryotic, since they are most likely of cyanobacterial origin and are active in the chloroplast).
CB motifs were automatically designated as TM helices due to their experimentally derived helix
structure in LHCII (Kuhlbrandt et al., 1994; Liu et al., 2004).

The most efficient criteria for classification differed slightly among the protein families and are
depending on their degree of conservation and on the length of conserved sequence domains. The
HLIPs are clearly defined by their one-helix structure, together with being plastid-encoded in
eukaryotes. HMM analysis together with the predicted one-helix structure is sufficient to define
the OHP1 subfamily, which is nuclear-encoded after endosymbiotic gene transfer of the HLIPs in
green plants. OHP2 are best classified by HMM and local BLASTP analysis due to their wellconserved primary protein structure. SEPs were classified based on the order of their two TM
helices (CB motif containing helix preceeds a second TM helix) and sequence similarity to other
SEPs, as evident from HMM and BLASTP analyses. Subdivision into SEP1–5 was based on
HMM, BLASTP and phylogenetic analysis. ELIP sequences were classified based on HMM,
BLASTP and their three-helix structure. Accordingly, RedCAP and LHC sequences, including
LHC proteins associated with photosystem I (LHCa) and photosystem II (LHCb), FCP, Li818 and
LHCz, and the four-helix PSBS were unequivocally classified based on HMM, BLASTP and their
predicted number of helices. The two fusion proteins, ferrochelatase II and Rieske-like CAB
protein, possess a less-conserved CB motif (which can be missing in some cases) and therefore
the most efficient classification criterion for these two groups was full-length sequence similarity
based on BLASTP.

CHARACTER EVOLUTION AND PHYLOGENETIC ANALYSIS
Character evolution based on parsimony (unordered model) was used as implemented in Mesquite
(Maddison and Maddison., 2006) for the reconstruction of ancestral states. The analyzed taxa
44

were chosen to obtain a good representation of all photosynthetic organisms that possess members
of the LHC protein superfamily. Amino acid sequence alignments were done with M-Coffee
(Wallace et al., 2006) and manually refined in Bioedit (Hall, 1999). Informative sites for
phylogenetic analyses were chosen using G-blocks (Castresana, 2000) with manual refinement.
Amino acid substitution matrices for the SEP analysis (Figure 3A) were chosen with ProtTest
(Abascal et al., 2005). Neighbor-joining bootstrap values (10,000 replicates) were obtained in
MEGA4 (Tamura et al., 2007). Maximum likelihood bootstrap analyses with 100 replicates were
performed using PhyML (Guindon et al., 2005), posterior probabilities were calculated using
MrBayes (3 million generations, the first 1 million trees were discarded as ”burn-in”)
(Huelsenbeck and Ronquist, 2001), the latter two using a WAG+Г4 model (Figures 3C and S2 in
Additional data file 1). Consensus trees were created with the Consense option of the PHYLIP
package (Felsenstein, 1993). The significance of alternative topologies (Figure 3) was tested in
Tree-Puzzle (Strimmer and von Haeseler, 1997) using the Shimodaira-Hasegawa (Shimodaira and
Hasegawa, 1999) and the expected likelihood weight (Strimmer and Rambaut, 2002) tests.

The four-cluster likelihood mapping analysis was performed with Tree-Puzzle (Strimmer and von
Haeseler, 1997) using the Dayhoff substitution matrix with four discrete gamma distributed
categories. An approximate parameter estimation with quartet sampling for the substitution
process and rate variation based on a neighbor-joining tree and 10,000 randomly chosen quartets
were used. The dataset included a total of 120 sequences, with 41 pairs of LHC and 19 pairs of
PSBS (helices I and III) sequences, respectively.

ACCESSION NUMBERS
Sequence data of newly identified sequences from C. paradoxa and G. nostochinearum are
available in the Third Party Annotation Section of the DDBJ/EMBL/GenBank databases under the
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accession numbers TPA: BK006744-BK006754. Gene models of all identified sequences from 15
organisms are listed in Table S1 in Additional data file 1.
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Figures

Figure 1 Sequence logos of representative members of the extended LHC protein
superfamily. (A-H) Sequence logos based on 54 amino acid positions surrounding the CB motif
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in the first helix were prepared from the same alignments that were used to build the HMM
profiles. HMM analysis served as one of several criteria in the classification of unknown
sequences (see Materials and Methods and Additional data file 1). The center of the x-axis
corresponds to the highly conserved glutamate (E-0). For clarity, the sequence logo associated
with the HMM profile of HLIPa is shown for HLIP and for the different SEP HMM profiles, the
sequence logo of the combined SEP sequences is shown. An orange arrow marks amino acid
residues that are specific to a particular family. Note that threonine (T-21), glycine (G-22) and
glutamine (Q-28) are conserved in most SEPs, OHP2, ELIPs and PSBS (marked by a blue arrow).
The new red lineage CAB-like protein (RedCAP) family is described in more detail in the main
text.

Figure 2. Schematic overview, taxonomic distribution and ancestral character analysis of
the extended LHC protein superfamily. (A) Schematic overview of the major protein families.
The drawing shows the approximate position and relative length of conserved regions and
sequence motifs including the CB motif-containing first and third TM alpha helices. Details for
each of the identified sequences are given in Table S1 in Additional data file 1. Their
classification into a limited set of families and subfamilies was based on three main criteria: (i)
sequence similarity to members of already described or newly defined families or subfamilies
(like OHP2 and RedCAP) using HMM and local BLAST analysis against our own database, (ii)
the predicted secondary structures with the number and order of predicted TM helices, and (iii)
predicted sequence motifs, like the CB motifs and carotenoid-binding motifs. One-helix
sequences are divided into the well conserved, nuclear-encoded OHP1 limited to the green lineage
and the more diverse, plastid-encoded or cyanobacterial HLIPs. Nuclear one-helix sequences with
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no pronounced similarity to OHP1 are referred to as OHP1-like. (B) Presence (black circle) and
absence (white circle) of the LHC superfamily sequences in genomic and EST (indicated by a
star*) databases of twelve photosynthetic eukaryotes representing all major lineages of Plantae
and three divergent cyanobacteria (both unicellular, and filamentous with heterocysts). Genus
names are used (for species names refer to Table S1 in Additional data file 1). The locations of the
genes are marked with “p” for plastid-encoded or with “n” for nuclear-encoded. (C) Ancestral
character evolution analysis for plastid-related genes of cyanobacterial origin (see also Material
and Methods). The distribution of distinct families and families of the extended LHC superfamily
is indicated on a given species tree corresponding to a consensus plastid phylogeny. Gloeobacter
violaceus was used to root the tree. This analysis suggests an evolutionary origin for the different
families, which is indicated on the tree by a colored circle followed by their names.
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Figure 3. Phylogeny, predicted primary and secondary structures of two-helix SEPs. (A)
Phylogenetic analysis including all 39 identified SEP sequences (except the partial SEP3/Lil3
from Pinus taeda) from twelve photosynthetic eukaryotes. The maximum likelihood tree was
inferred from 32 amino acid positions, only bootstrap values at nodes supported by a posterior
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probability of ≥0.50 are given. 10,000 bootstrap replicates using the Dayhoff+Г4 model to
estimate the pairwise distances in the neighbor-joining analysis with MEGA4; 100 replicates in
the maximum likelihood analysis with PhyML, 3 million generations with 1/3 discarded (burn-in)
in the Bayesian analysis to estimate the posterior probability with MrBayes. The probabilistic
methods were using the WAG+Г4 model with four discrete gamma rate categories. This tree gives
an overview of the diversity of the SEP sequences within all major lineages of Plantae. Blue, red
and green colors indicate glaucophytes, red algae and red algae with complex red plastids and
green algae with land plants, respectively. This analysis is compatible with the assumption of
several ancient, paralogous groups within the SEP family. SEPs from red algae and SEP4 and
SEP5 from land plants are reported for the first time. (B) Prediction of TM alpha helices in SEP
sequences from a glaucophyte, a land plant and a red alga. The first of the two predicted TM
helices comprises the CB motif. (C) Alignment of typical SEP sequences from all three major
lineages in Plantae. The approximate positions of the predicted first and second TM helices are
underlined with a green and a grey bar, respectively. Identical and similar amino acids are shown
in white on black and grey backgrounds, respectively.
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Figure 4. Phylogenetic analysis and the independent origins of PSBS and LHC. (A) Fourcluster likelihood mapping analysis (Strimmer and von Haeseler, 1997) of individual CB motifs in
LHC and PSBS showing the likelihood support for three alternative topologies. 64 amino acid
positions (32 per CB motif) from 60 protein sequences including all known LHC subfamilies
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(Koziol et al., 2007) and the complete PSBS diversity were analyzed. The topology with LHC
helix I as sister group to LHC helix III is strongly supported with 94.1% over the one expected
under a common origin with 2.5% in the three-partite diagram (or 84.2% over 0.2% in the sevenpartite diagram). (B) Schematic diagram of a phylogenetic analysis based on the conserved
sequence motifs of the first and third TM helices of PSBS and LHCs. A selection of 22 diverse
SEP sequences from glaucophytes, red algae and the green lineage was included. The alignment
contained 31 unambiguously aligned amino acid positions. The distinct clustering of the different
LHC and PSBS helices provides corroborating evidence that LHC sequences do not share a
common four-helix ancestor with PSBS sequences. The shown topology was significantly
(p=0.0001) supported over the alternative topology (Figure S1B and in Additional data file 1),
analyses were done in TreePuzzle. The true tree is presented in Figure S2 in Additional data file 1.
(C) Hypothesis for the independent origin of LHC and PSBS from distinct SEP ancestors
according to the present study. LHC likely evolved from a SEP with a putative carotenoid-binding
motif (orange box), which was duplicated together with the CB motif in an internal gene
duplication/unequal crossing-over of tandem genes. PSBS evolved from a different ancestor from
an ancient pool of paralogous SEP members. PSBS has highly conserved second and fourth
helices (dark grey boxes). Note that following this hypothesis, helices I and III of the resulting
LHC and PSBS must be most similar within the same proteins, which is in agreement with (A)
and (B) but in conflict with a previously suggested scenario (Figure S1 in Additional data file 1).

Figure 5. Alignment of PSBS and a group of selected SEP sequences from early land plants.
Two representative PSBS sequences including only the first (I) and third (III) helices show high
similarity to four SEPx sequences from S. moellendorffii, Selaginella lepidophylla and P. patens.
Identical amino acids shown in white are surrounded by a black and similar amino acids by a grey
box. Note the conserved valine (V) in both groups (position V-3), a potential CB position at which
most other protein families carry an asparagine (N-3) or histidine (H-3).
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Figure 6. Proposed scenario for the evolution of the extended LHC protein superfamily.
Originating from a cyanobacterial HLIP after the primary endosymbiosis, an endosymbiotic gene
transfer resulted in a nuclear-encoded OHP1-like sequence in the common ancestor of Plantae.
Such a sequence was likely at the origin of the nuclear-encoded two-helix SEPs that are
ubiquitously distributed among photosynthetic eukaryotes. In Viridiplantae and several algae with
complex red plastids, the plastid-encoded HLIP was transferred to the nuclear genome and
subsequently lost in the plastid. The ancestor of the LHC proteins and later of PSBS evolved by
independent, internal gene duplication events (indicated by a star*), likely from different SEP
groups. The resulting LHC proteins subsequently either lost their fourth TM helix or alternatively
they ancestrally never had one. Both, the ELIPs and the RedCAP family are restricted to the green
and to the red lineages, respectively. The positioning of the different family names and the
background color indicate their taxonomic distribution.

Supplemental Figures at the very end of this Thesis.
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Supplemental Figures at the very end of this Thesis.
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CHAPTER 2
Repeated independent evolution of three- and four-helix
proteins in the extended LHC protein superfamily
Johannes Engelken, Henner Brinkmann, Karsten Schäfer, Iwona Adamska, Cedric Notredame

Abstract
Members of the extended light-harvesting complex (LHC) protein family fullfill essential
functions in light harvesting and photoprotection. Recent studies explain their evolution based on
comparative genomics and on phylogenetic analyses focussed mainly on LHC and the
photosystem II subunit S (PSBS) protein families, but the origin of the remaining protein families
remains unclear. Here, we provide evidence for the monophyly of the different three- and fourhelix protein families, such as PSBS, LHC, LHC-like and the red lineage chlorophyll a/b-binding
(CAB)-like protein (RedCAP), respectively. This allowed us to carry out detailed analyses of the
phylogenetic relationships between their conserved sequence domains, in particular a conserved
chlorophyll-binding motif that is part of their transmembrane alpha-helices. Cluster likelihood
mapping and other methods showed that each of the above mentioned three- and four-helix
protein families evolved via an independent internal gene duplication, while the origin of the lessknown protein subfamily of high light-inducible LHC-like (LHL4) proteins remained elusive.
Alternative explanations, like the hypothetical possibility of convergent molecular evolution
between the two conserved motives of the same protein were tested and could be rejected. We
conclude that three- and four-helix proteins of the extended LHC protein family have evolved
several times independently. As ancestral sequences the previously suggested pool of two-helix
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proteins from the SEP subfamily is discussed. By homology modelling based on the solved
structure of LHCII, we obtain a three-dimensional illustration of two SEPs arranged as dimer.
This likely structure of SEPs in the photosynthetic membrane leads us to speculate whether there
might be an evolutionary advantage for three- and four-helix proteins being encoded by one single
gene. Overall, the suggested extended evolutionary scenario has implications for the interpretation
of the functions of different protein families in light harvesting and photoprotection.

Introduction
Old evolutionary age and the resulting limited number of phylogenetically informative amino acid
positions in many cases make it difficult to reconstruct the evolutionary history of a protein
families. This is also true for the extended light-harvesting complex (LHC) protein superfamily
that is widespread in deeply branching clades of cyanobacteria (like Gloeobacter and Anabena)
and therefore likely dates back to early cyanobacteria with an age of over two billion years
(Rasmussen et al., 2008). The respective high light-induced protein (HLIP)/small chlorophyll a/bbinding protein (SCP) subfamily, has a role in acclimation of cyanobacteria to high light
(Dolganov et al., 1995) and other stresses related to nutrition, cold and salt (Funk and Vermaas,
1999; He et al., 2001; Mikami et al., 2002). Eukaryotic subfamilies of the LHC superfamily, like
the stress-enhanced proteins (SEPs) (Heddad and Adamska, 2000) date back to the common
ancestor of Plantae (Engelken et al., submitted) and the LHC to the common ancestor of the red
and green algal lineages (Koziol et al., 2007), respectively, so they may have been in existence for
around 1.5 billion years (Yoon et al., 2004), hence they are likewise very old.
Despite technical challenges and the complex nature of this protein superfamily, the growing
number of available LHC and LHC-like sequences (Koziol et al., 2007; Neilson and Durnford,
2010; Engelken et al., submitted) from a taxonomically broad range of organisms, as well as new
phylogenetic approaches (Engelken et al., submitted) to the evolution of the extended LHC
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protein superfamily, may bring about the necessary tools for new discoveries. For example, it has
been suggested recently that not all three- and four-helix proteins originated from the same
common ancestor, but that at least the subunits S of photosystem II (PSBS) and LHC evolved
independently (Engelken et al., submitted). This is in conflict with previous scenarios (Green and
Pichersky, 1994; Jansson, 2006) that had suggested the origin of LHC and PSBS from a four-helix
common ancestor.
Furthermore, since the two homologous chlorophyll-binding helices of members of the LHC
superfamily are thought to function in close physical contact, the possibility of a form of
convergent evolution on the amino acid level cannot be ruled out a priori. Interestingly, two cases
of convergent evolution on the molecular level (Castoe et al., 2009; Li et al., 2010; Liu et al.,
2010) have recently brought attention to this potential problem, which is not accounted for in
standard phylogenetic analyses and software.
In this study, we aim to investigate the origins of all eukaryotic three- and four-helix protein
families of the extended LHC protein superfamily while accounting for possible phylogenetic
artifacts from possible convergent evolution.

Material and Methods
PHYLOGENETIC ANALYSIS
Due to the scarcity of gaps in the conserved region of 32 amino acids, amino acid sequence
alignments were done manually in Bioedit (Hall, 1999). Amino acid substitution matrices for the
likelihood mapping analysis were chosen with ProtTest (Abascal et al., 2005). Neighbor-joining
bootstrap values (1,000 replicates) were obtained in MEGA4 (Tamura et al., 2007). Maximum
likelihood bootstrap analyses with 100 replicates were performed using PhyML (Guindon et al.,
2005) and posterior probabilities were calculated using MrBayes (1 million generations with 50%
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discarded as ”burn-in”) (Huelsenbeck and Ronquist, 2001), both using a CpREV+Г4 substitution
matrix.
Likelihood mapping analysis was done in Tree-Puzzle (Strimmer and von Haeseler, 1997) with
the Dayhoff substitution matrix with four discrete gamma distributed categories. An approximate
parameter estimation with quartet sampling for the substitution process and rate variation based
on a neighbor-joining tree and 10,000 randomly chosen quartets were used. The dataset for the
pairwise comparisons (Figure 2 and S2) included a total of 230 sequences of 32 amino acid
positions, with 42 pairs of LHC, 30 pairs of the early light-induced proteins (ELIPs), 22 pairs of
PSBS, 13 pairs of the red lineage chlorophyll a/b-binding (CAB)-like protein (RedCAP) and 9
available the high intensity light-inducible LHC-like (LHL4) sequences.

HOMOLOGY MODELING
Homology modeling of a putative SEP dimer was done in the molecular graphics application Coot
(Emsley and Cowtan, 2004). As a structural base the N-terminal region until the end of the
transmembrane (TM) helix II of spinach LHCII (1rwt, residues 14-144) (Liu et al., 2004) was
taken as a SEP monomer. LHCII possesses an internal 2-fold pseudo-symmetry with the Nterminal loop region, helix I and the helix I/II loop corresponding to the helix II/III loop, helix III
and the C-terminal loop region. The 2-fold symmetry operator to generate a putative SEP dimer
was obtained by a least square superposition (lsqkab function as implemented in Coot) of the
main-chain atoms of helix I and adjacent residues (amino acid 46-87) onto the corresponding
residues of helix III (amino acid 161-202). Furthermore the chlorophyll-binding H68 in helix I
was replaced by its equivalent residue N183 from helix III together with the corresponding bound
chlorophylls. This was also done by a least square superposition of the amino acid main-chain
atoms and moving the sidechain and chlorophyll atoms with the same operator. All figures were
created in PyMOL (DeLano, 2002).
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Results and Discussion
MONOPHYLY OF THREE- AND FOUR-HELIX PROTEINS
As the first step of our analysis, we aimed to establish or reject the monophyly of the LHC, PSBS,
ELIP, RedCAP and LHL4 protein families, respectively. This is important for the following
likelihood mapping analysis of individual chlorophyll-bindinh (CB) motives. In a maximum
likelihood analysis (Figure 1), the recently recognized RedCAP in the red lineage (marked red)
and the divergent LHC sequences as well as LHL4 and PSBS in green plants (marked green) form
strongly supported monophyletic groups. By increasing the number of RedCAP sequences to all
thirteen recently available sequences (Sturm et al., 2010, PhD Thesis ) and likewise increasing the
LHL4 sequences to currently eight sequences, the result of monophyly remains the same (data not
shown). The three-helix ELIPs from green algae and plants cluster together, but with low
bootstrap support. Notably, only the LHC family is found in organisms from both the green and
red algal lineages, which is in agreement with (Koziol et al., 2007). In conclusion, we provide
evidence that each of the five different families is indeed monophyletic. Importantly, it is not
possible to deduce the order of emergence of these protein families from this analysis since the
putative ancestral groups, like two-helix SEP proteins, were not be included in this analysis (as
they only possess one CB motif).
REPEATED INDEPENDENT EVOLUTION
As the next step of the analysis, we carried out inter-family helix comparisons using likelihood
mapping analysis (Figure 2). For all pairwise comparisons, the obtained result strongly supports
the scenario of a recent duplication events that makes helix I similar to helix III (Figure 2).
Therefore, in extension to (Engelken et al., submitted), not only LHC and PSBS have originated
by an independent duplication, but likely also ELIP and the recently identified RedCAP families.
Each of these families shows support for the scenario of independent evolution in the comparisons
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with LHC and PSBS, however, in the RedCAP-ELIP comparison, most quartets (<40%) are
unresolved and there is no clear preference for one of the topologies. The relatively small
preference for the biologically difficult to explain the clustering of the helices RedCAP III + ELIP
I is difficult to interpret and could be due to the high sequence divergence within the ELIP family.

In the future the claim of four independent duplications should be substantiated by including
topology tests as implemented in Tree-Puzzle (Strimmer and von Haeseler, 1997), for example
using the Shimodaira-Hasegawa (Shimodaira and Hasegawa, 1999) and the expected likelihood
weight tests (Strimmer and Rambaut, 2002) or by calculating likelihoods on the different tree
topologies using RAxML (Stamatakis, 2006) and by bootstraping the resulting likelihood matrix
using CONSEL (Shimodaira and Hasegawa, 2001). Results of the likelihood mapping analysis for
LHL4 (Figure S2) were less clear and should be investigated in the future once substantially more
sequence data becomes available.

MISSING EVIDENCE FOR CONVERGENT EVOLUTION
Covergent evolution on the phenotypic level is wellknown, wheras on the sequence level it seems
exceptionally rare. Nevertheless, two recent examples of convergent molecular evolution, on
related to lizards and snakes (Castoe et al., 2009) and the other to the Prestin gene involved in
ecoloting system of both bats and dolphins (Li et al., 2010; Liu et al., 2010), are spectacular
exceptions. In each case, the expected and established phylogeny was overcome by the signal
derived from a number of amino acid positions that were evolving under convergent evolution.

Therefore, as the third step of our approach, we carried out intra-family comparisons in order to
test for phylogenetic signal that could possibly be derived from convergent evolution. For this
purpose, we use monophyletic and sufficiently large protein families and test whether we find
signal of convergent evolution between the two functional helices. Again, we use likelihood
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mapping analysis (Figure 3). In all three examples (PSBS, LHC and ELIPs), the result clearly
rejects any strong influence of convergent evolution. Specifically, the topology that stands for
convergent evolution (Figure 3, top of the triangle) and the biologically impossible topology
(Figure 3, left bottom part of triangle) are both only marginally supported and are not substantially
different from each other (Figure 3). This result is in agreement with arguments given in
(Engelken et al., submitted) and introduces a more formal rejection of the hypothetical possibility
of convergent molecular evolution.
IMPLICATIONS AND STRUCTURE OF A SEP DIMER
The previous analyses directly lead us to a new scenario, in which the different three- and fourhelix proteins have not evolved from each other but have originated by independent gene
duplications, as schematically shown in Figure 4. In analogy to (Engelken et al., submitted), we
suggest that members of the diverse two-helix SEPs are ancestral to LHC, PSBS, ELIP and
RedCAP (Figure 5). Unfortunately, very little experimental work has been carried out so far on
the different SEPs. For example, Arabidopsis thaliana (Arabidopsis) SEP1 and SEP2, which
display a pronounced basal expression and are up-regulated in high light, have been proposed to
have a photoprotective function in light stress response (Heddad and Adamska, 2000). Expression
patterns of Arabidopsis SEP3-5 seem to differ widely according to Genevestigator (Zimmermann
et al., 2004), whereas SEP3 (LIL3, LHL3) in Chlamydomonas reimhardtii (Chlamydomonas)
shows an initial down-regulation in high light similar to many LHC proteins (Teramoto et al.,
2004). Hence it actually remains unclear at the moment, whether most SEPs are indeed “stressenhanced”.

Due to the current lack of experimental data we made an effort to learn about SEPs from their
modeled three-dimensional structure. A model of a SEP dimer (Figure 6) was built (see Materials
and Methods) based on the experimentally established structure of LHCII (Liu et al., 2004). Its
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dimeric structure, as was proposed for ArabidopsisSEP (Heddad and Adamska, 2000), is in
agreement with the conservation of residues required for the formation of reciprocal ion pairs in
amino acid sequence of glaucophytes SEP. Conserved CB side chains correspond to the amino
acid sequence of SEPx3 from the glaucophyte Glaucocystis nostochinearum. No steric
incongruencies were encountered while generating the SEP dimer. No other side-chain
conformations or loop regions were modeled to avoid over-interpretation of the similarities
between SEPs and LHCII. From the sequence conservation across all identified SEPs, we find
that the CB residues glutamate and asparagine are highly conserved among SEPs and even fully
conserved in the recently identified glaucophyte and red algal lineage SEPs (Engelken et al.,
submitted). Therefore, it seems conservative to assume the potential for at least four bound
chlorophylls per SEP dimer as displayed in Figure 6. However, from a steric point of view and
taken into account the occurence of additional negatively charged and polar amino acids within
the predicted TM helices of SEPs, it seems probable that SEP dimers in vivo may have a higher
capacity of at least transiently binding chlorophylls and/ or carotenoids. This would be important
to compensate for partial charges within the hydrophobic core. We expect that the SEP which
gave rise to the LHC family members already formed a dimer with two carotenoid motifs and that
this structure was conserved after internal gene duplication in one single sequence. Interestingly,
the products of these gene duplications, the eukaryotic three- and four-helix proteins of the
extended LHC protein superfamily, have been highly successful in an evolutionary sense. For
example, the LHC family has diversified into several subfamilies with different functions in light
harvesting or non-photochemical quenching (NPQ) that are often restricted to distinct algal
lineages, like the fucoxanthin chlorophyll a/c -binding proteins (FCP) from complex algae with
red plastids. Characteristically, LHC proteins are encoded by large families of paralogous genes,
consistent with a dosage-dependent expression pattern. With a similar dosage-dependent effect,
the large number of ELIPs in certain organisms (9 copies in Chlamydomonas, more than 15
copies in Physcomitrella patens) could contribute to the adaptation of these organisms to light
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stress, salt stress or desiccation in their environments. It seems likely that the efficient targeting of
LHCs and ELIPs to the thylakoid membrane is facilitated by their three-helix nature, and hence
seems a good alternative to the dimer structure. PSBS, RedCAP and LHL4 proteins tend to occur
as single-copy genes. For them, the advantage over dimer strucures may consist in the mechanism
that the correct helices come in close physical contact to each other.
To the opposite, by being encoded as “one gene one helix”, the one-helix proteins OHP1 and
OHP2 possibly have retained a flexibility in choosing between hetero- and homodimeric
structures. Intriguingly, recent findings on the molecular functions of these proteins may support
this view (Roja-Stütz, 2008, PhD Thesis).

CONCLUSIONS
In summary, we have established the monophyly of the eukaryotic three- and four-helix protein
families within the extended LHC protein superfamily. Using inter-family helix comparisons, we
show that these families likely possess independent origins and that this result is not an artifact
due to potential convergent evolution between amino acid residues of the two CBhelices. By
homology modelling we obtained a three-dimensional illustration of a dimer, which leads us to
speculate that there might be an evolutionary advantage for these three- and four-helix protein to
be encoded by one single gene.
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Figures

Figure 1. Maximum Likelihood Tree of all three- and four-helix families of the extended
LHC protein superfamily points to their monophyletic origins. The underlying alignment of
86 sequences included 59 conserved amino acid positions from the first and third TM helices.
Bootstrap values were calculated using Maximum Likelihood (PhyML, with and without gamma
correction). For clarity, values below 50 and values at distal nodes were omitted. The recently
recognized RedCAP in the red lineage (marked red) and the divergent LHC sequences as well as
LHL4 and PSBS in green plants (marked green) form strongly supported monophyletic groups.
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Figure 2.Cluster Likelihood mapping analysis between pairs of first and third helices from
the three- and four-helix protein families LHC-like (ELIP subfamily), LHC, PSBS and
RedCAP (for LHL4 see Supplemental Data). In each comparison, 10,000 random sequence
quartets were analyzed. Quartets that map to the topology in the upper part of the triangle provide
evidence that the two respective protein families have originated by independent duplications.
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Figure 3. Test for potential convergent evolution within the monophyletic protein families
LHC-like (ELIP subfamily), LHC and PSBS. Quartets that map to the upper part of the
triangles contain signal of convergent evolution, while quartets in the lower right part of the
triangles provide evidence for the absence of this signal. A. ELIPs from green algae versus ELIPs
from mosses and land plants. B. LHCs from green algae (LHCI and LHCII) against LHC from red
algae (chlorophyll a-binding, CAA). C. PSBS from green algae vesus PSBS from mosses and land
plants (Chlorophyta versus Streptophyta).
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Figure 4. Schematic mechanisms of the recurrent internal gene duplications of SEP genes.

Figure 5. Schematic model for the evolution of the three- and four-helix protein families.
PSBS, LHC, RedCAP (here termed “three-helix proteins”, THP) and LHC-like (ELIP subfamily)
by independent duplication events, possibly from a pool of two-helix SEP ancestors.
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Figure 6. Structure of a SEP dimer based on the structure of LHCII. A. SEP dimer
consisting of two two-helix SEP monomers that are colored green and blue respectively.
Conserved helices I are show in strong colors, the sequentially less conserved (but from
transmembrane prediction conserved) helices II in shining colors and the not conserved loops in
transparency. Highly conserved residues that correspond to chlorophyll-binding positions in
LHCII are shown as sticks together with the bound chlorophylls. B, like (A) with 90 degree
rotated view. Such SEP dimers may have played an important role in the evolution of the early
eukaryotic antenna systems and may function in light harvesting and dissipation of excess energy.
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Supplemental Figures

Supplemental Figure S1. Comparison between different protein families in the extended
LHC superfamily. Sequences are centered around the conserved glutamate (E; here at position
300) and include the CBmotif in the first TM helices.
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Supplemental Figure S2. Cluster likelihood mapping of LHL4 helices against all other
three- or four-helix families. In each comparison, 10,000 random sequence quartets were
analyzed. Quartets that map to the topology in the upper part of the triangle provide evidence that
the two respective protein families have originated by independent duplications.
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Abstract
The LHC superfamily of proteins comprises different families of chlorophyll-binding proteins
with one to four transmembrane helices. We identified members of this superfamily in the
diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana and found one-helix protein
1-like (OHP1-like), one-helix protein 2 (OHP2) and stress-enhanced protein (SEP, two
transmembrane helixes) to be encoded on the nuclear genomes of the investigated diatoms. In
addition, we found so far uncharacterized three-helix LHC-like proteins. Phylogenetic analyses
revealed that these proteins are not closely related to the three helix early light-induced proteins
(ELIPs) found in green algae and higher plants. Instead they form a distinct protein family that is
exclusively found in red algae and algae with secondary plastids of red algal origin. Therefore we
termed this protein family the red lineage CAB-like proteins (RedCAP). Via presequence analyses
and GFP fusion poteins we found out that these proteins are plastid targeted in diatoms.
Transcription patterns of the RedCAP genes resemble those of fucoxanthin Chl a/c-binding
proteins (FCP) genes rather than those of ELIPs in higher plants as shown by quantitative PCR.
This indicates that RedCAPs might have a different function in diatoms than ELIPS in higher
plants. Also, the other investigated OHP1-like, OHP2 and SEP

genes showed different

transcription patterns compared to their respective plant homologues. One of the investigated
OHP1-like genes shows a similar transcription pattern as the high light induced protein (HLIP
genes in cyanobacteria, making it a strong candidate to function in photoprotection.
Taken together our results show that LHC-like genes in diatoms are distributed and transcribed in
partially different ways as compared to green algae and plants, which might reflect the differences
in high light protection between these groups.
Key words: Chloroplast, Early light-induced proteins, Light-harvesting chlorophyll a/b-binding
(LHC) proteins, Light stress
Abbreviations: CAB: chlorophyll a/b-binding protein; CB: chlorophyll-binding; Chl: chlorophyll;
ELIP: early light-induced protein; FCP: fucoxanthin-chlorophyll a/c-binding protein; HL: high
light; HLIP: high light-induced protein; LHC: light-harvesting complex; LL: low light; NPQ: nonphotochemical chlorophyll fluorescence quenching; OHP: one-helix protein; PS: photosystem;
RedCAP: red lineage chlorophyll a/b-binding-like protein; SEP: stress-enhanced protein; TM:
transmembrane; TMH: transmembrane helix; WT: wild type.
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Introduction
Light energy is absorbed by higher plants, algae and cyanobacteria to drive oxygenic
photosynthesis (Grossman et al., 1995). The light harvesting antennae of higher plants are
composed of several proteins that are members of the LHC (light-harvesting complex)
superfamily, which can be divided into four families, (1) the LHC family, consisting of CAB
(chlorophyll (Chl) a/b-binding proteins), FCP (fucoxanthin Chl a/c-binding proteins) and LI818
proteins, (2) the LHC-like family, consisting of ELIP (early light-induced proteins), SEP (stressenhanced proteins), OHP (one-helix proteins) and LHL4 (LHC-like protein 4), (3) the RedCAP
(red lineage chlorophyll a/b-binding-like protein) family, and (4) the PSBS (photosystem II (PSII)
subunit S) (Engelken et al., submitted). While cyanobacteria and red algae use phycobilisomes as
their major LHC (Grossman et al., 1993), in higher plants and green algae the light-harvesting
antennae are composed of several homologous light-harvesting CAB proteins that are encoded by
the LHC gene family and contain three transmembrane α-helices (TMH) (Jansson, 1994; Dekker
and Boekema, 2005). They also share the chlorophyll-binding (CB) fold designated as the LHC
motif (Jansson, 1999). Different environmental parameters, such as light and nutrients regulate the
synthesis of the LHC proteins (Jansson, 1999), which are translated in the cytosol and
posttranslationally directed to the chloroplasts, where they associate with pigments and insert into
the thylakoid membrane. LHC-type polypeptides, FCPs, that bind Chl c and fucoxanthin, are
found in brown algae, diatoms, dinoflagellates and chrysophytes (Grossman et al., 1995).
While some studies have proposed that a four-helix intermediate might be the ancestor of
the PSBS, LHC and LHC-like families (Green and Pichersky, 1994; Jansson, 2006), a new
hypothesis suggests that PSBS and LHC proteins originated from a group of two-helix proteins,
while LHC-like proteins evolved independently (Engelken et al., submitted). In higher plants,
most algae and cyanobacteria, the LHC-like protein family consists of three-helix ELIPs
(Montane and Kloppstech, 2000; Adam et al., 2001), two helix SEPs (Heddad and Adamska,
2000) and OHPs (Jansson et al., 2000; Andersson et al., 2003), which are called high lightinduced proteins (HLIPs) or small CAB-like proteins (SCPs) in cyanobacteria (Dolganov et al.,
1995; Funk and Vermaas, 1999). While the main function of the LHC proteins is the absorption of
light by excitation of Chl molecules and the subsequent transfer of energy to the reaction centers
of the photosystems, members of the LHC-like protein family were shown to be involved in stress
protection. Especially their role in photoprotection is discussed widely as the expression levels of
some proteins belonging to this family were shown to be increased under excess light conditions.
In cyanobacteria for example, the HLIPs encoded by the hli or scp genes were shown to be crucial
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for the survival of the cells under high light (HL) conditions (He et al., 2001). Mutants lacking
HLIPs were unable to compete with wild type (WT) cells under HL and mutants lacking all four
HLIPs in Synechocystis sp. PCC6803 gradually lose photosynthetic function, a process called
photoinhibition, and died following exposure to HL. Different functions are proposed for the
HLIPs: they may serve as Chl carriers (Xu et al., 2004) or support dissipation of light energy
absorbed in excess (Havaux et al., 2003). However, it is widely accepted that HLIPs might
perform multiple functions and contribute to specific stress responses, thereby helping
cyanobacteria to cope with various stress conditions (Bhaya et al., 2002; Coleman et al., 2006).
Wang and co-workers found that all four HLIPs are associated with photosystem I (PSI) and that
hli single mutants lose more than 30 % of the PSI trimers and show reduced PSI activity after
exposure to HL for 12 h. Authors suggest that HLIPs stabilize PSI trimers under HL and thereby
help to protect the cells under light stress (Wang et al., 2008). However, there are also reports that
HLIPs are associated with PSII (Promnares et al., 2006; Yao et al., 2007; Kufryk et al., 2008).
ELIPs were first described as polypeptides that are transiently expressed during greening of
etiolated seedlings of pea and barley (Meyer and Kloppstech, 1984; Grimm et al., 1989). Later, it
was shown that ELIPs also accumulate under a variety of stress conditions causing
photoinhibition (Adamska et al., 1992; Adamska et al., 1992; Pötter and Kloppstech, 1993). All
ELIPs contain conserved amino acid residues that could potentially bind Chl (Green and
Kuhlbrandt, 1995). It has been suggested that these proteins could function as pigment carriers
during thylakoid membrane development, thereby protecting the photosynthetic apparatus from
oxidative damage (Montane and Kloppstech, 2000; Adamska, 2001; Havaux et al., 2003) or that
they could influence Chl biosynthesis (Adamska, 1997; Tzvetkova-Chevolleau et al., 2007).
Nevertheless, the exact role of ELIPs under light stress conditions remains unclear. The presence
of two-helix SEPs was confirmed in Arabidopsis thaliana and it was shown that their transcript
level is increased under HL stress (Heddad and Adamska, 2000). However, the physiological
function of SEPs has not yet been investigated.
Recently, four non-LHC members of this protein superfamily (with one, two and three
putativeTMH) were identified in the genome of Phaeodactylum tricornutum (Engelken et al.,
submitted). In the present study, we characterized these novel proteins concerning their evolution,
cellular localization and light-dependent transcription. Since LHC-like proteins were shown to be
involved in photoprotection in higher plants and cyanobacteria, we were especially interested in
the regulation of these genes in diatoms under diverse light conditions.
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Materials and Methods
CELL CULTIVATION AND LIGHT EXPERIMENTS
Phaeodactylum tricornutum (University of Texas Culture Collection, strain 646) was grown at
22 °C at a light intensity of 45 μmol·photons·m−2·s−1 with a light/dark cycle of 16 h/8 h. Cells were
cultured in f/2 seawater medium (Guillard and Ryther, 1962) prepared with “Tropic Marin®”
artificial seawater (Dr. Biener GmbH, Wartenberg/Angersbach, Germany) at a final concentration
of 50 % compared to natural seawater and continuously bubbled with sterile air. For the light
experiments,

cultures

at

mid-logarithmic

phase

were

transferred

−2 −1

to

moderate

light

−2 −1

(750 μmol·photons·m ·s ), darkness or maintained at LL (45 μmol·photons·m ·s ) for 33 h.
Photosynthetic active radiation was measured using a hand-held quantum photometer (Model LI185A, Li-Cor Inc., Lincoln, NE, USA). With the beginning of the dark phase cells were harvested
every 3 h by centrifugation at 3000 g for 1 min. The resulting cell pellets were frozen in liquid
nitrogen and stored at -80 °C until use. For the HL experiment, cells adapted to LL for 6 h were
transferred to a light intensity of about 1,500-2,000 μmol·photons·m−2·s−1 for 2 h. Samples were
taken as described above at 0, 15, 30, 45, 60 and 120 min after the HL treatment. Cultures were
transferred back to LL after the HL exposure and a sample was taken after 4 h of recovery. Four
independent experiments were performed.
SEQUENCE SEARCH AND ANNOTATION
Sequences

from

the

genomes

of

P. tricornutum

v2.0

(http://genome.jgi-

psf.org/Phatr2/Phatr2.home.html) (Bowler et al., 2008) and Thalassiosira pseudonana v3.0
(http://genome.jgi-psf.org/Thaps3/Thaps3.home.html) (Armbrust et al., 2004) were identified
online at the United States Department of Energy Joint Genome Institute (JGI)
(http://www.jgi.doe.gov/) using TBLASTN and BLASTP (Altschul et al., 1997). Additional
sequence

data

was

collected

from

public

databases

including

NCBI

(http://www.ncbi.nlm.nih.gov), UniProt (http://www.expasy.uniprot.org/) and JGI. Diatom genes
were annotated manually from DNA sequence using Genewise (Birney et al., 2004), and 6-frame
translation at the JGI genome browser. The newly identified diatom sequences of the LHC protein
superfamily were classified according to their predicted secondary structures as well as sequence
similarity to known CB proteins as described (Engelken et al., submitted). Prediction of TMH in
the new sequences was done with the DAS algorithm (Cserzö et al., 1997), which is optimized for
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prokaryotic membrane proteins and therefore is well suited for chloroplast targeted proteins. DAS
plots for the diatom sequences are given (Fig. S4 in the Supplementary Material). Signal peptides
were identified with the help of SignalP (http://www.cbs.dtu.dk/services/SignalP/)'s Neuronal
Networks (NN) and Hidden Markov Models (HMM) (Nielsen et al., 1997; Nielsen and Krogh,
1998). Transit peptides were predicted with the program ChloroP (Emanuelsson et al., 1999), for a
detailed description of protein localisation prediction see also (Emanuelsson et al., 2007).
Bipartite signal peptides were manually predicted by their characteristic N-terminal sequence
motif (Kilian and Kroth, 2005; Gruber et al., 2007); additionaly the HECTAR (http://www.sbroscoff.fr/hectar/) prediction server (Gschloessl et al., 2008) was used to predict Heterokont
plastid targeting signals.
ISOLATION OF RNA, REVERSE TRANSCRIPTION AND QUANTITATIVE PCR (QPCR)
Cells were crushed under liquid nitrogen with mortar and pestle and total RNA was isolated using
a combination of Phenol/Chloroform extraction with Trizol® reagent (Invitrogen, Carlsbad, CA,
USA) and the RNeasy® Kit (Qiagen, Hilden, Germany). Genomic DNA (gDNA) contaminations
were removed using Turbo™ DNase (Ambion, Woodward, TX, USA) according to the
manufacturer's instructions. 350 ng gDNA free RNA was reverse transcribed with the
QuantiTect® reverse transcription kit (Qiagen, Hilden, Germany). Resulting cDNA was diluted 4fold in RNase/DNase free water and one μL of this cDNA template was used in a 20 μL qPCR
reaction containing primers and DNA polymerase master mix with SYBR® Green (MESA
GREEN qPCR MasterMix Plus for SYBR® Assay Low ROX, Eurogentec Deutschland GmbH,
Cologne, Germany). The reaction was heated to 95 °C followed by 40 cycles for 15 s at 95 °C and
1 min at 60 °C. The amount of amplified DNA was monitored by measuring fluorescence at the
end of each cycle using the Real-Time PCR System 7500 (Applied Biosystems, Lincoln, CA,
USA). Each gene was analyzed using the primers given in Table S1 (Supplementary Material).
Relative transcript levels were calculated using REST® as described in (Pfaffl et al., 2002) using
the first sample of each light condition as calibrator and 18S rDNA as endogenous control.
PCR AND CONSTRUCTION OF PLASMIDS
Standard cloning procedures were used (Sambrook et al., 1995). Polymerase chain reaction (PCR)
was performed in a Master Cycler Gradient (Eppendorf, Hamburg, Germany) using recombinant
Pfu polymerase (Fermentas, St. Leon Rot, Germany) according to the manufacturer's instructions.
The P. tricornutum transformation vector pPha-T1 (GenBank AF219942, (Zaslavskaia et al.,
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2000), was used as described in (Kilian and Kroth, 2005; Gruber et al., 2007). All constructs were
sequenced (GATC Biotech AG, Konstanz, Germany) from their 5' end to ensure correct cloning.
NUCLEAR TRANSFORMATION
Nuclear transformation of P. tricornutum has been performed using a BioRad Biolistic PDS1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA) fitted with 1,350 psi rupture
discs as described previously (Apt et al., 1996; Kroth, 2007). For the selection and cultivation of
P. tricornutum transformants 75 μg ·mL−1 Zeocin™ (Invitrogen, Carlsbad, CA, USA) was added to
the solid medium. The plates were incubated at 20 °C under continuous illumination
(50 μmol·photons·m−2·s−1) for three weeks.
MICROSCOPY
Transformed cell lines were screened for the expression of GFP and using an Olympus BX51
epifluorescence microscope (Olympus Europe, Hamburg, Germany). Nomarski's differential
interference contrast (DIC) illumination was used to view transmitted light images (100×
UplanFL objective, Olympus). Chl autofluorescence and GFP fluorescence of the transformants
were dissected using the mirror unit U-MWSG2 (Olympus) and the filter set 41020 (Chroma
Technology Corp, Rockingham, VT, USA) respectively. Images were acquired with a confocal
laser scanning microscope LSM 510 META (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany) using a Plan-Apochromat 63×/1.4 Oil DIC objective. GFP and Chl fluorescence was
excitepd at 488 nm, and detected by the meta detector with spetral resolution (lambda mode) at 16
bit dynamic range. GFP and Chl fluorescences were separated via linear unmixing. Reference
spetra were beforehand aquired from wild type cells (for Chlautofluorescence) and a transformed
cell line expressing cytosolic GFP with spatial separation from the plastidic Chl autofluorescence
(for GFP fluorescence). Maximum intensity z-projections were calculated from slices of image
stacks to ensure complete detection of fluorochromes within a cell. Transmitted light images
(488 nm wavelength) were recorded separately after the fluorescent image stacks were recorded.
PHYLOGENETIC ANALYSIS
Phylogenetic analysis was done on the amino acid level. Alignments were prepared with ClustalW
(Thompson et al., 1994) and M-Coffee (Wallace et al., 2006) and manually refined in Bioedit
(Hall, 1999). Due to the high sequence divergence between the different LHC subfamilies, the
alignable stretch of sequence included only 39 amino acid positions, but these were highly
informative (38 parsimony informative sites). Due to the scarcity of gaps and insertions within
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and nearby the analyzed TM helices, CB sequences could be aligned unproblematically. Bootstrap
values (10,000 replicates) were obtained in MEGA4 (Tamura et al., 2007). Maximum likelihood
bootstrap analyses with 100 replicates were performed using PhyML (Guindon and Gascuel,
2003; Guindon et al., 2005), posterior, probabilities were calculated using MrBayes (1 million
generations, 25 % burnin) (Huelsenbeck and Ronquist, 2001), using a WAG+Γ4 model of amino
acid evolution. Consensus trees were created with the Consense option of the PHYLIP package
(Felsenstein, 1993).
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Results
LARGE DIVERSITY OF LHC-LIKE SEQUENCES IN DIATOMS
We screened the genomes of the diatoms P. tricornutum and T. pseudonna for LHC-like
sequences. Three sequences were identified and classified as OHP1-like proteins according to
(Engelken et al., submitted), two in P. tricornutum and one in T. pseudonna. Additionaly,
P. tricornutum and T. pseudonna possess genes for the one-helix protein OHP2. Furthermore,
both investigated diatom genomes contain genes for two-helix SEPs. In addition, we identified
LHC-like sequences with three predicted TMH and called them RedCAP. A comparison of
characteristic members from the LHC-like protein family within the extended LHC superfamily is
given (Fig. 1A and 1B). Predictions of TMH are given in Figure S4. Sequence models of the
described sequences from P. tricornutum can be accessed at the Joint Genome Institute
(http://www.jgi.doe.gov/) with the corresponding protein names in brackets: Phatr2 53712
(OHP1-like1), Phatr2 33932 (OHP1-like2), Phatr2 55112 (OHP2), Phatr2 56446 (SEPx), Phatr2
17326 (RedCAP), Phatr2 45357 (FerrochelataseII).
In order to investigate the evolutionary relationship of new diatom sequences with their
closest homologues and to test their classification scheme, we performed a phylogenetic analysis
based on the conserved (first) CB sequence motifs (Fig. 2A). At least five representative
sequences from each family and subfamily (ELIP, SEP, RedCAP, OHP2, OHP1/OHP1-like/HLIP
and LHC) were used. Evolutionary less relevant subfamilies like the Ferrochelatase-II and longbranching sequences were omitted. The resulting tree (Fig. 2A) shows a clustering of the CB
sequences into distinct subfamilies and broadly confirms the classification scheme as described
before. It is important to note that the classification of the LHC-like sequences relies on several
criteria (HMM and Blast analysis, number of transmembrane helices) rather than phylogenetic
clustering. The RedCAP sequences from diatoms clearly cluster with the other RedCAP
sequences and the new OHP2 sequences and known OHP2 sequences cluster together. The less
well conserved OHP1-like and SEPx sequences likewise form clusters, but in unresolved position
with respect to the other families of the extended LHC protein superfamily.
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REDCAP SEQUENCES FORM CONSERVED GROUP ENCODED BY ONE-COPY GENES
IN RED LINEAGE
In addition to RedCAPs from the fully sequenced diatoms P. tricornutum, T. pseudonana and
Fragilariopsis cylindrus, we identified RedCAP sequences based on EST or draft genome data
from the haptophytes Emiliania huxleyi, Isochrysis galbana and Pavlova lutheri. The cryptophyte
Guillardia theta, the pelagophyte Aureococcus anophagefferens and the brown alga Ectocarpus
siliculosus likewise possessed one RedCAP. The red algae Griffithsia japonica, Porphyra
yezoensi and Gracilaria changii and the Cyanidiales red algae Galdieria sulphuraria had a
RedCAP but surprisingly not the fully sequenced Cyanidioschyzon merolae, possibly due to its
higly stream-lined genome size. In a phylogenetic analysis of all currently available RedCAP
sequences (Fig. 2B), the expected species tree with red algae and chromalveolates as sister groups
is recovered to some detail (note the interesting exception of G. theta RedCAP sequence). From
this analysis no complex gene duplication patterns or horizontal gene transfers are apparent.
Interestingly and in contrast to SEP, LHC and ELIPs but similar to PSBS, most RedCAPs are
encoded by a single-copy gene, where E. huxleyi is an exception with an additional, possibly
degenerated RedCAP sequence (estExtDG fgeneshEH pg.C 220091 [Emihu1:463191]).
LOCALIZATION EXPERIMENTS
All found LHC-like genes are nuclear-encoded and carry a bipartite presequence (Fig. S2). To test
the intracellular localization of the LHC-like proteins, we constructed presequence:GFP and fulllength:GFP fusion constructs and expressed them in the diatom P. tricornutum (Fig. 3A).
Expression of PtOhp2pre:GFP in P. tricornutum leads to GFP labelling of the plastid (Fig. 3B).
Likewise, expression of PtRedCAPfull-length:GFP in P. tricornutum leads to GFP accumulation
in the plastid (Fig. 3C). These results show that the gene products are indeed transported into the
plastid as indicated by the bipartite presequences (Fig. S2).
TRANSCRIPT ANALYSIS UPON TRANSFER TO LIGHT
To investigate the influence of light on the expression of the LHC-like

genes, cells of

P. tricornutum were exposed to different light intensities. For investigation of circadian
regulation, three light conditions were applied: Cells grown at LL (45 μmol·photons·m−2·s−1) (1)
either remained under those conditions or (2) were transferred to moderate HL
(750 μmol·photons·m−2·s−1) or (3) cells remained in complete darkness for the duration of the
experiment. Samples for transcript level analysis were taken every three hours for 33 h, starting
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with the beginning of a dark period. The expression of LHC-like genes was investigated by realtime PCR using specific primers for the LHC-like genes and FcpB, a gene which is known to be
light induced and regulated in a circadian rhythm (Leblanc et al., 1999; Oeltjen et al., 2004).
Relative transcript levels were calculated as described in (Pfaffl et al., 2002) using the first sample
of each light condition as calibrator and 18S rDNA as endogenous control. Different gene
expression patterns were observed for each of the LHC-like

transcripts and are shown in

Figure 4A. In general, a decrease in transcript level was measured when cells remained in
darkness. This decrease was very strong for OHP1-like1 transcripts. Four genes (OHP1-like1,
OHP2, RedCAP, FcpB) showed a slight increase of transcripts between 6 am and noon, when the
light is usually switched on, indicating that those genes undergo diurnal fluctuations. Under LL
conditions only small changes in the transcript level were measured for OHP1-like2 and SEPx,
while an increase in transcripts with beginning of the light phase was observed for all other genes,
but with different patterns. For OHP1-like1 the amount of transcripts rapidly increased to a level
about 10-15 times higher than in the calibrator sample (0 am sample). The level stayed high for
the remaining time of the light phase and decreased, when the light was switched off. Transcript
levels of OHP2 increased initially when the light phase began and decreased thereafter to the
initial level to increase again when the next light phase began. RedCAP showed a very similar
pattern in the transcript level than FcpB but to different extents. The transcript level of both genes
steadily increased and peaked at 3 pm to a level 18- (RedCAP) and 5- (FcpB) times higher than
the initial level and decreased afterwards. Both genes were extremely downregulated under
moderate HL. As observed under LL conditions, no significant changes were measured for SEPx
at a light intensity of 750 μmol·photons·m−2·s−1. An increase of transcripts in the late phase of the
light period was detected for OHP1-like2 suggesting, that this gene might be involved in longterm acclimation of the cells to moderate HL intensities. A strong increase in transcript level was
observed for OHP1-like1 which showed a 26-fold higher amount of transcripts at noon than the
initial sample. The transcript level slightly decreased afterwards but was still high for the
remaining time of the experiment. OHP2 showed a similar pattern but with lower extents,
transcript level was about 3-times higher at noon and in the afternoon compared to the respective
calibrator sample(0 am sample).
To test whether LHC-like genes in P. tricornutum are upregulated at HL, we adapted cells
to LL for 6 h and transferred them to HL (1,500-2,000 μmol·photons·m−2·s−1). Samples were taken
after 0, 15, 30, 45, 60 and 120 min as well as 4 h after recovery in LL for transcript analysis. For
comparison, the transcript level of samples from LL cultures, which were taken in parallel, was
also measured. As can be seen in Figure 4B only small changes under LL were measured for
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OHP1-like1 and OHP1-like2. SEPx, OHP2 and RedCAP showed a lower amount of transcripts at
the end of the experiment in comparison to the calibrator sample (0 min), which can be explained
by the normal diurnal changes that occur at this time of the day. The same explanation can be
given for the observed increase in transcript level under LL for FcpB. Under HL almost all genes
showed a decrease in transcripts. The decrease was very strong and fast for OHP1-like2, RedCAP
and FcpB. In contrast to RedCAP and FcpB, the transcript level of OHP1-like2 increased back to
almost the same level as before the HL treatment after recovery under LL for 4 h. The decrease in
transcripts was slower and not as strong for OHP2 and the amount of transcripts increased again
during recovery. An increase was observed for SEPx after 15 min, the transcript level steadily
decreased afterwards and increased again under recovery at LL. The only gene for which a strong
increase in transcripts under HL was observed was OHP1-like1. Within 15 min the transcript level
increased strongly and a high amount of transcript was maintained for about 30 min before the
level began to sink. After recovery in LL, the amount of transcripts was lower than before the
light treatment. The fact that OHP1-like1 shows an increase in the transcript level upon transfer to
moderate and HL suggests, that it might play a role in protecting the cells from photooxidative
damage.
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Discussion
THE LHC-LIKE PROTEINS IN DIATOMS
We identified an unexpected diversity of LHC-like sequences in the genomes of two diatom
species, P. tricornutum and T. pseudonana. In addition to a range of FCP sequences, we also
found members of HLIP (=OHP1)-like, OHP2, SEP subfamilies and of the newly identified
RedCAP family. Previously, LHC-like sequences with more than one predicted TMH other than
FCPs, were described to be apparently missing in the genome of the diatom T. pseudonana
(Armbrust et al., 2004). Hence, our results represent a considerable extension of the taxonomic
distribution of LHC-like sequences to heterokonts. The identification of diatom three-helix LHClike sequences helped us to re-evaluate a previously identified three-helix LHC-like sequence
from the cryptophyte Guillardia theta as a member of the RedCAP family within the LHC-like
protein superfamily. Members of this family are solely found in red algae and organisms with
secondary plastids of red algal origin. During chromalveolate evolution by secondary
endocytobiosis, these genes have been transferred to the nuclear genomes to a different extend in
cryptophytes and diatoms (Fig. 5). Recently, a comprehensive phylogenomic analysis revealed
that diatom genomes contain far more genes of green algal than of red algal origin, leading to the
conclusion that plastid evolution by secondary endocytobiosis of a red alga in chromalveolates
was preceeded by endocytobiosis of a green alga (Moustafa et al., 2009). Due to their restricted
taxonomic distribution to red algae, the RedCAP genes provide examples for the red algal
contribution to the chimeric chromalveolate nuclear genomes (via endocytobiotic gene transfer
from the red algal nucleus to the nucleus of the secondary host cell). Consequently also the
P. tricornutum RedCAP gene was among those genes considered to be of red algal origin.
Especially, at the moment it remains unclear if the newly found RedCAP sequences in the
red lineage are closely related to the well-characterized ELIPs from the green lineage. They share
a common predicted three-helix structure with two CB motifs but these sequence motifs are
clearly different from the ones typically found in LHC, PSBS and green lineage ELIPs (Fig. 1B
remove bold). The two different groups do not cluster together in our phylogenetic analyses and
the sequence conservation of RedCAP is much more pronounced than in ELIPs. These findings
put into question a common origin of the two groups from a three-helix ELIP ancestor.
Importantly, ELIP and RedCAP are taxonomically isolated and RedCAP is typically encoded by a
single-copy gene (e.g. in the fully sequenced genomes of Galdieria sulphuraria, P. tricornutum
and T. pseudonana), whereas ELIPs occur in multiple copies (e.g. two in Arabidopsis thaliana,
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nine in Chlamydomonas rheinhardtii and thirteen plus additional tandem duplicates in
Physcomitrella patens) (Engelken et al., submitted). Together, these pronounced evolutionary
distances and the differences in genomic organization between RedCAP and ELIPs might indicate
differences

in

protein

function.

Intriguingly, the PSBS with an important role in non-photochemical quenching (NPQ) in higher
plants (Li et al., 2000) is absent in the red algal lineage and its function might be substituted by a
(or several) different member(s) of the extended LHC superfamily. However, only one of the
LHC-like proteins presented here is induced by HL. Recently, homologues of the LI818-proteins
from green algae were found in diatoms (Zhu and Green, 2008) and their role in photoprotection
is discussed (Zhu and Green, 2010).
Although the diatom OHP1-like and diatom SEPx sequences could represent unique and
new LHC-like groups, their phylogenetic clustering (Fig. 2B) should not be overinterpreted due to
the general high sequence diversity within one- and two-helix proteins as well as the scarceness of
sequence data from the red algal lineage. Despite all members of the extended LHC superfamily
sharing a common origin (the defining homology criterium), the precise evolutionary origin of
single groups, like the diatom SEPx or the diatom OHP1-like proteins as well as RedCAP must
remain unsolved until sequence data from more species becomes available.
EXPRESSION OF LHC-LIKE AND REDCAP GENES IN P. TRICORNUTUM
It has been shown previously, that the expression of the HLIPsof cyanobacteria and OHP1 in
green plants is induced by HL and other stress conditions, such as low temperature or nutrient
limitation (Jansson et al., 2000; He et al., 2001; Teramoto et al., 2004; Kilian et al., 2008). It has
been proposed that the HLIPs help to protect the cells from photooxidative damage by either
binding Chl and thereby helping to provide enough Chl molecules to reassembling photosynthetic
complexes (Xu et al., 2004) or by promoting dissipation of absorbed excess light energy (Havaux
et al., 2003). Of the three identified OHPs in P. tricornutum only one gene (OHP1-like1) showed
an increased level in transcripts under HL conditions compared to LL. In general, OHP1-like1
seems to be light-induced, as its transcript level was increased at all light conditions. This was not
the case for OHP1-like2 and OHP2.

For OHP1-like2 a higher amount of transcripts was

measured at moderate HL and LL/moderate HL and for OHP2 at LL and moderate HL, but none
of the two transcripts was induced at HL conditions (for summary of the transcript analysis see
Table 1). The different expression patterns of the three single-helix protein genes suggest that the
proteins might perform different functions. While a photoprotective function for OHP1-like1
similar to the HLIPs in cyanobacteria can be imagined, the physiological functions of OHP1-like2
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and OHP2 seem to be different. Since the transcript level of OHP2 showed a diurnal pattern and
an increase at the beginning of the light phase, light harvesting might be a possible function of this
protein. Nevertheless, the expression pattern of this gene was different at moderate HL in
comparison to FcpB, which encodes for a light-harvesting protein. OHP2 might therefore also
have another function in general or at moderate HL, like stabilizing photosynthetic complexes in
the thylakoid membrane.
Independent from the irradiance, the transcript level of SEPx did not change significantly
when the cells were exposed to light. Nevertheless, a downregulation was observed, when the
cells remained in darkness. In contrast to our findings, in higher plants an increase of transcripts
for SEP was found when the plants were exposed to HL intensities (Heddad and Adamska, 2000).
We conclude from this, that SEPx might play a different role in P. tricornutum than in
A. thaliana. It could be involved in other stresses not investigated in this study.
Most importantly, however, the mRNA expression pattern of RedCAP in P. tricornutum is
strikingly different from the mRNA expression patterns described for ELIPs. While the
expression of ELIPs is induced by HL in higher plants (Adamska et al., 1992; Lindahl et al., 1997;
Montané et al., 1998; Jansson et al., 2000) and cyanobacteria (Dolganov et al., 1995; He et al.,
2001), this is not the case in P. tricornutum. The transcript pattern of RedCAP shows a high
similarity with the transcript pattern of FcpB. The amount of transcripts decreased rapidly upon
transfer to moderate HL and HL, whereas an increase in the transcript level was only visible
during the light phase at LL conditions and in complete darkness at a time of the day when the
light is usually switched on (9 am). This indicates that the expression of the gene is not solely
induced by LL but underlies a diurnal rhythm. Due to the different expression pattern compared to
ELIP in higher plants and cyanobacteria, the function of RedCAP most likely is different from the
one of ELIP. As the pattern is quite similar to the one of FcpB it might have a role in lightharvesting rather than in photoprotection. This hypothesis is additionally supported by the finding
that the P. tricornutum RedCAP gene clusters with FCP genes in a hierarchical clustering
analysis of diatom ESTs (Maheswari et al., 2009) (see Fig. S6).
It was shown that transcripts of LI818 homologues are accumulating at HL intensities in
diatoms (Zhu and Green, 2008; Zhu and Green, 2010). However, among the LHC-like
genes/proteins investigated here, only one (OHP1-like1) is induced by HL; another hint that the
LHC-like sequences investigated in this study (including the P. tricornutum RedCAP) are
involved in different processes than HL protection. Overall, phylogenetic and transcription data
indicate that in diatoms, the OHP1-like, SEPx and RedCAP members of the LHC-like
superfamily fulfill partially different functions than their plant or green algal counterparts. While
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the expression of OHP1-like 1 correlates positively with increasing light intensities this protein
may carry out a similar function in photoprotection as plant OHP1 (Jansson et al., 2000). The
other LHC-like transcripts show downregulation in response to HL in addition to their diurnal
regulation. This would be more expected from “housekeeping” photosynthetic proteins than from
photoprotective proteins, although more work is needed to draw such conclusions, especially
since transcript levels do not necessarily correlate with protein levels. Especially the expression
pattern similar to FcpB and the orphan phylogenetic position of RedCAP make this group an
interesting candidate to investigate existing differences in photosynthesis between plants and
diatoms, for example NPQ (Ruban et al., 2004). Considering the global abundance of diatoms,
future studies will hopefully reveal the exact contribution of these LHC-like proteins to the
extraordinary photosynthetic efficiency of diatoms.
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Figure 1: (A) Sequence alignments of one- and two-helix proteins of the extended LHC
superfamily with one conserved CB motif as part of the first TMH. Plastid- (or
cyanelle/nucleomorph) encoded one-helix proteins from red algae and glaucophytes are termed
HLIP. Nucleus-encoded one-helix sequences from complex algae (including diatoms) and
glaucophytes are termed OHP1-like. In each of the three diatoms (Phaeodactylum, Thalassiosira,
Fragilariopsis) one highly conserved OHP2 and a rather divergent two-helix sequence (SEPx) was
identified. (B) Sequence alignments of the RedCAP, LHC and LHC-like protein families with two
conserved CB motives in the first and third TMH. The indicated amino acid positions are centered
around the highly conserved glutamate (E) in all helices. Identical amino acids (50 % threshold)
are surrounded by a black box and similar amino acids by a grey box. Accession numbers are
given in Table S3.
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Figure 2: (A) Phylogenetic representation of the extended LHC protein superfamily
including the newly described diatom sequences (coloured in red). Neighbour-Joining Tree
based on an alignment of 51 sequences and 39 amino acid positions including the CB motives in
the first TMH. Robust internal nodes with more than two leaves were labeled with a grey star
(Neighbour-Joining and Maximum Likelihood >50 and posterior probability >.90; except PSBS
cluster=.65). Sequences are listed in Table S3. (B) Phylogenetic relationships among currently
available RedCAP homologues across their taxonomic distribution (13 sequences; 146 amino acid
positions, thereof 99 phylogenetically informative). A Maximum-Likelihood tree was inferred
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under the CpRev + Γ model. Bootstrap values for Neighbour-Joining (10,000 replicates) and
Maximum-Likelihood Analysis (100 replicates) as well as posterior probabilities (1mio
generation, 25 % burnin) are given.

Figure 3: Localization of OHP2 and RedCAP. (A) OHP2- and RedCAP-GFP fusion
constructs. An additional proline (artificial sequence) is inserted during cloning of the constructs.
(B) Expression of PtOHP2pre:GFP in P. tricornutum , GFP accumulates in the plastid. (C)
expression of PtRedCAPfull:GFP in P. tricornutum , GFP accumulates within the plastids.
Nomarski's differential interference contrast (DIC), Chl autofluorescence, GFP fluorescence and
merged images showing the respective channels in the indicated colours are shown from the left
to the right.
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Figure 4: Transcript level analysis of OHP1-like1, OHP1-like2, OHP2, SEPx, RedCAP and
FcpB. (A) Cells of P. tricornutum grown for 4 days under 45 μmol·photons·m−2·s−1 and a
dark/light cycle of 8 h/16 h either remained under those conditions (Low Light), were transferred
to a light intensity of 750 μmol·photons·m−2·s−1 (Moderate High Light) and the same dark/light
cycle or remained in darkness for the whole experiment (Dark). Samples were taken every 3 hours
over a time period of 33 hours and relative transcript levels were analyzed by real-time PCR. Dark
periods are indicated by grey bars at the bottom of the expression data, light periods are
represented by white bars. (B) P. tricornutum cells grown to mid-logarithmic phase and adapted
to LL for 6 h were transferred to a light intensity of 1,500-2,000 μmol·photons·m−2·s−1 (High
Light). Samples for gene expression analysis were taken after 15 min, 30 min, 45 min, 60 min and
120 min upon transfer to HL. After the HL exposure of 2 h the cells were transferred to LL and a
sample was taken 4 h after recovery. The color code indicates relative gene expression values as
indicated by the scale bar on the right. Relative gene expression was calculated with REST®
(Relative Expression Software Tool) as described in [Pfaffl et al., 2002]. Samples were
normalized to 18S rDNA. Levels shown are relative to the first sample and average from 4
independent experiments. A grey star in the colored boxes indicates significant changes as given
by the software. Detailed results as given by REST® can be found in Table S5.
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Figure 5: Gene-transfers of LHC-like and RedCAP genes during Chromealveolate
evolution. HLIP/OHP1-like genes are found in cyanobacteria, as well as in eukaryotic algae,
where they are commonly encoded on the plastid genomes. After eukaryotic algae evolved by
primary endocytobiosis, LHC-like and RedCAP genes diversified and all OHP2, SEP and
RedCAP variants are encoded on the nuclear genomes in all algal groups with primary plastids.
Chromealveolate algae evolved by secondary endocytobiosis, LHC-like and RedCAP genes were
transferred to the nucleus in diatoms and Chryptophytes to a different extent. This situation is
found in genomes of Galdieria sulphuraria , P. tricornutum, T. pseudonana and Guillardia theta
(since the nuclear genome data is incomplete, additional nucleus-encoded sequences might be
identified in the future).

Table 1: Summary of the transcript analysis of the LHC-like genes in P. Tricornutum .
Gene
OHP1like1
OHP1like2

Low Light

Moderate High Light High Light

upregulation

upregulation
upregulation in late

no response

phase of illumination

upregulation

Diurnal
Regulation
Unclear

does it mean???

downregulation

no

downregulation

yes

upregulation in early
OHP2

phase
illumination
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of upregulation

(what

little
SEPx

no response

no response

upregulation on no
short term

RedCAP

upregulation

downregulation

downregulation

yes

FcpB

upregulation

downregulation

downregulation

yes

Supplementary Material:
Table S1: Primers used for the real-time PCR analysis of the LHC-like
P. tricornutum.
Primer

Sequence (5‘-3‘)

OHP1-like1 fw

GCCATCGGAAACCGAGAAA

OHP1-like1 rev

CGAGTTCGACCGTATCCAATG

OHP1-like2 fw

GCGCCAACCACTCTTTTCTG

OHP1-like2 rev

GGGTAATACCAGTAACTGTGCCAAA

OHP2 fw

AAGAAACCTGGCGGAAGGAA

OHP2 rev

AGGAAGAACATGGCGAATCGT

SEPx fw

GCAGAAATTTGGAATGGACGTG

SEPx rev

CGCCTTCCTGTAGACCCTGAAT

RedCAP fw

CTTTGTCGACCCTAACCACCCT

RedCAP rev

TTCGGCTTCTTCGGTAAGTCC

FcpB fw

GCCGATATCCCCAATGGATTT

FcpB rev

CTTGGTCGAAGGAGTCCCATC

18S rDNA fw

TGCCCTTTGTACACACCGC

18S rDNA rev

AAGTTCTCGCAACCAACACCA

genes in
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Figure S2: LHC-like and RedCAP genes. They were identified in the publicly available
genomes
of
the
diatoms
T.
pseudonana
v3.0 (http://genome.jgipsf.org/Thaps3/Thaps3.home.html)
and
P. tricornutum
v2.0 (http://genome.jgipsf.org/Phatr2/Phatr2.home.html) (Armbrust et al., 2004; Bowler et al., 2008). For every
identified gene the following information is given: organism; gene name; Protein ID (directly
linked to the JGI database); GenBank Accession; genomic coordinates (directly linked to the JGI
genome browser); SignalP (http://www.cbs.dtu.dk/services/SignalP/)'s Hidden Markov Models
(HMM) predictions (Nielsen et al., 1997; Nielsen and Krogh, 1998) and
HECTAR (http://www.sb-roscoff.fr/hectar/) predictions (Gschloessl et al., 2008). For a detailed
description of protein localization prediction see also (Bendtsen et al., 2004; Emanuelsson et al.,
2007).
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Table S3: List of sequences used for tree in Fig. 2A.
Gene

Organism

Database

Gene model

HLIP-like

Guillardia theta

UniProt

O78425

HLIP

Porphyra yezoensis

UniProt

Q1XDD2

HLIP

Porphyra purpurea

UniProt

P51355

HLIP

Galdieria sulphuraria

http://genomics.msu.edu/galdieria/

contig 9601

HLIP

Cyanophora paradoxa

UniProt

P48367

OHP1-like1

Phaeodactylum tricornutum

JGI

OHP1-like2

Phaeodactylum tricornutum

JGI

OHP1-like

Thalassiosira pseudonana

JGI

AGR 4347369:1 [Thaps3:270237]

HLIPc

Synechocystis sp. PCC 6803

UniProt

P73563

HLIPd

Synechocystis sp. PCC 6803

UniProt

P72932

OHP1

Arabidopsis thaliana

UniProt

O81208

OHP1

Oryza sativa
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Figure S4: In silico predictions of TMH of the new diatom sequences using the DAS
algorithm (Cserzö et al., 1997). For better comparison, the N-termini of all sequences were
shortened to 40 amino acid positions before the first conserved glutamate (ERINGRLAM or
similar) of the first CB motif.
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Table S5: LHC-like and FcpB gene expression analysis as given by REST®. (A) Data for
dark-adapted cells. (B) Data for LL grown cells. (C) Data for moderate HL grown cells. (D) Data
for cells exposed to HL. Experiments were performed in four replicates as described in the
Material and Methods. For details of the software see (Pfaffl et al., 2002). Tables are shown on
the following pages.
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Figure S6: Hierarchical clustering of PtRedCAP expression data. A large scale EST
sequencing effort resulted in a digital diatom gene expression database
(http://www.biologie.ens.fr/diatomics/EST3) (Maheswari et al., 2009). Around 130,000 EST from
P. tricornutum grouped into approximately 10,000 unique transcriptional units and 16 different
environmental conditions were used for this analysis (Maheswari et al., 2009). For RedCAP, the
20 available EST sequences produce an expression profile, which is similar to several FCP
sequences. Left side shows the tree resulting from the hierarchical cluster analysis, right side
shows the number of ESTs in the respective culture condition (color coded, from grey to blue the
number of ESTs increases).

101

CHAPTER 4: Role of OHP1 in photoprotection

102

CHAPTER 4
Light Stress Protein OHP1 is Essential for Photoprotection in
Plants
Jochen Beck*, Marc C. Rojas-Stütz*, Jens Lohscheider, Johannes Engelken, Ulrica Anderson, Kurt
Mendgen and Iwona Adamska

Department of Physiology and Plant Biochemistry, University of Konstanz, Universitätsstr. 10, D78457 Konstanz, Germany1
*Equal contribution
Key words: Early light-induced protein family/Light stress/Photobleaching/Photoprotection

1

Current address: ETH Zürich, Department of Biochemistry, CH-8093 Zürich

2

Current address: Institute of Evolutionary Biology (CSIC-UPF), Pompeu Fabra University,

Barcelona, Spain;
3

Corresponding author: Department of Biology, University of Konstanz, DE-78457 Konstanz,

Germany. E-mail: Iwona.Adamska@uni-konstanz.de

Abstract
The extended superfamily of light-harvesting complex (LHC) proteins of algae and plants
comprises the LHC, the subunit S of photosystem II (PSBS), the red lineage chliorophyll a/bbinding-like protein (RedCAP) families and several LHC-like protein subfamilies, like the early
light-induced proteins (ELIPs) and the one-helix protein 1 (OHP1) with a single predicted
transmembrane helix. In this study we investigated the evolution, subcellular localization and the
function of OHP1 in Arabidopsis thaliana using a reverse-genetic approach. Significant amounts of
OHP1 were present in green plant tissue under ambient growth conditions and their level increased
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in response to high light. We demonstrate that OHP1 is evolutionary highly conserved across
Viridiplantae (green algae and plants). While A. thaliana knockout mutants of PSBS and diverse
LHC, as well as ELIP double knockout mutants, typically did not showed any extreme phenotypic
changes, the depletion of OHP1 results in a dramatic photobleached phenotype and impaired
photosynthetic functions. Mutant plants were depended of an external carbon source and were not
able to produce reproductive shoots. Numerous photosynthetic proteins were missing or strongly
reduced in ohp1 knock out mutants under low light conditions. Interestingly, the conversion of the
xanthophyll cycle pigments and the induction of ELIP1 indicate that ohp1 knockout mutants suffer
photoinhibition at ambient light conditions. Further, an association of OHP1 with the photosystem I
was shown. Based on these data we propose that OHP1 plays a fundamental role in photosynthesis
by providing a photoprotective mechanism to photosystem I and that ohp1 knockout mutants may
serve as an important tool for future research in photosynthesis.
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INTRODUCTION
Owing to their sessile nature, plants are constantly exposed to a multitude of environmental stresses,
where light, temperature, drought or salinity, are the most common. Even relatively low light
intensities can induce light stress syndrome when connected with temperature extremes (Andersson
and Styring, 1991; Prasil et al., 1992; Aro et al., 1993). Exposure of plants to light stress impairs the
photosynthetic apparatus leading to a net loss of photosynthesis and negatively influences other
important metabolic processes, mainly because of the photooxidative damage to cell components
(Asada, 1994). In green plant tissues the main targets of light stress are reaction center proteins of
photosytem I (PSI) and II (PSII). In order to maintain photosynthetic functions under light stress
conditions plants developed multiple repair and protection strategies, and the induction of light
stress proteins from the ELIP (early light-induced proteins) family is considered to be one of them.
Plant ELIPs are nuclear-encoded thylakoid membrane proteins structurally related to the
chlorophyll (Chl) a/b-binding (CAB) proteins of PS I and II (Grimm et al., 1989; Green et al., 1991)
but induced only transiently under various stress conditions. While the primary function of CAB
proteins is light absorption through Chl excitation and transfer of absorbed energy to photochemical
reaction centers (Green and Durnford, 1996), a photoprotective function was proposed for ELIP
family members (Montane and Kloppstech, 2000; Adamska, 2001). A transient binding of free Chls
and preventing of formation of reactive oxygen species (ROS) and/or participation in thermal
energy dissipation was reported for ELIP family members (Montane and Kloppstech, 2000;
Adamska et al., 2001).
Based on predicted secondary structure and expression pattern light-harvesting complex
(LHC)-like proteins are divided into three-helix ELIPs, two-helix stress-enhanced proteins (SEPs)
(Heddad and Adamska, 2002) and one-helix proteins (OHPs) that in cyanobacteria are also called
high light-induced proteins (HLIPs) (Dolganov et al., 1995; Funk and Vermaas, 1999). Two OHPs
were described from Arabidopsis thaliana, the OHP1 (At5g02120, (Jansson et al., 2000)) and
OHP2 (At1g34000, (Andersson et al., 2003)). OHP1 was shown to be located in the thylakoid
membrane, to display a diurnal mRNA expression pattern and an enhanced expression of OHP1
transcripts was demonstrated under light stress conditions (Jansson et al., 2000).
Here we investigated the evolution, membrane localization and physiological function of
OHP1 in A. thaliana. By phylogenetic inference we show that the OHP1 proteins possibly were
derived from eukaryotic, nuclear-encoded HLIPs (termed OHP1-like), homologous to the
cyanobacterial HLIPs. In contrast to other LHC-like proteins, OHP1 are rarely missing from an
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organism and they are typically encoded by single-copy genes. Localization studies revealed that
OHP1 is located in PSI. Mutant plants lacking OHP1 showed a photobleached phenotype and were
photosynthetically inactive. Most of the proteins of both photosynthetic complexes were decreased
in their amounts or were absent in such mutant plants. An induction of the ELIP1 protein and the
detection of an active xanthophylls cycle at low irradiances suggest that mutant plants were
photoinhibited already at growth light intensities. Based on these data we propose an essential role
of OHP1 in plant photoprotection.

MATERIAL AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS
Surface sterilized seeds of A. thaliana ecotype Columbia (Col-0) or T-DNA insertion mutant
GABI-Kat 362D02 (N434694), provided by Berd Weisshaar (MPI for Plant Breeding Research,
Cologne, Germany) (Rosso et al., 2003) were grown on Murashige and Skoog plant medium
(Duchefa Biochemie, Harleem, The Netherlands) supplemented with 3% (w/v) sucrose, with or
without 10 mg L-1 sulfadiazine as a selection marker. Plants were grown in a growth chamber under
continuous light conditions of 100 µmol m-2s-1 or 10 µmol m-2s-1 at 25°C (+/-2°C). Growth in a 12 h
light/12 h dark cycle led to plant lethality.

ISOLATION OF OHP1 T-DNA INSERTION MUTANTS
The ohp1 knock out mutants were identified by PCR using gene specific primers (forward 5´-ATG
AGC TCG TCG CCG TTA TCT-3´and reverse 5´-TTA TAG AGG AAG ATC GAG TCC TT-3’)
annealing upstream and downstream of the T-DNA insertion sites and one primer complementary to
the left boarder of the T-DNA (LB 5´-CCC ATT TGG ACG TGA ATG TAG ACA C-3´). Obtained
PCR products were purified with a PCR purification kit (Qiagen, Hilden, Germany) and sequenced
(GATC Biotech AG, Konstanz, Germany) to confirm the position of the insertion. To prove the
suppression of the OHP1 gene expression Northern blot and Western blot analysis were performed
(see below).
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RECOMBINANT EXPRESSION OF OHP1 AND PRODUCTION OF POLYCLONAL
ANTOBODIES
The OHP1 cDNA was amplified using the primer pair 5’-CAC CAT GAG CTC GTC GCC G-3’
and 5’-TAG AGG AAG ATC GAG TCC TTT CCC-3’. The OHP1 protein was overexpressed in
Escherichia coli as a fusion protein with a C-terminal His-tag (His6) and an N-terminal thioredoxin
using the pBAD/TOPO ThioFusion Expression Kit (Invitrogen, Karlsruhe, Germany) according to
the manufacturer’s protocol. The fusion protein accumulated in inclusion bodies that were purified
according to Chen et al. (1991) and dissolved in 10 mM NaH2PO4 and 0.9% (w/v) NaCl, pH 7.2
before raising polyclonal antibodies in rabbits (TFA, University of Konstanz, Konstanz, Germany).
The antiserum recognized OHP1 and SEP1 with similar molecular masses. For purifying the
antibody a fragment of SEP1 cDNA was amplified using primers 5’-ATG GAG CAA AGT ACA
GAA GGA AG-3’ and 5’-TGG ACT TGC TAC TCC AAA ATT CTC-3’ and expressed in E. coli
as described above for OHP1. Purified SEP1 was immobilized on cyanogen bromide-activated
Sepharose 4B (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), the OHP1 serum was
applied to column and the flow through was collected and used for immunoblot analyses.

ISOLATION AND ASSAY OF GENOMIC DNA AND TOTAL RNA
Genomic DNA was extracted from leaves using the High Pure GMO Sample Preparation Kit
(Roche, Mannheim, Germany) according to manufacturer´s instructions. Total RNA was isolated
from frozen leaf material (-80°C) using a combination of Trizol (Invitrogen, Carlbad CA) and
RNeasy Kit (Qiagen, Hilden, Germany). Northern blots were carried out using the DIG DNA
labeling Kit (Roche, Mannheim, Germany). Primers for labeling were the same as for amplification
of the OHP1 cDNA (see above). RNA separation, transfer to a nylon membrane (Pall, New York,
USA), hybridization and detection were performed as described (Woitsch and Romer, 2003).

ISOLATION AND ASSAY OF PROTEINS
Total membrane protein was extracted from 3- to 12-week-old plants and pelleted by centrifugation.
Soluble and membrane-associated proteins were removed by washing the pellet with Tris-HCl, pH
7.5 and increasing NaCl concentrations of 0 mM, 250 mM and 500 mM. Chl was removed by
washing the pellet with 80% (v/v) acetone. Membrane proteins were solubilized in sample buffer
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containing 50 mM Tris-HCl, pH 7.5, 2% (w/v) LDS, 50 mM DTT, 0.01% (w/v) bromphenolblue
and 10% (v/v) glycerol for 30 minutes at 45°C (modification of (Leto and Young, 1984)). Protein
concentrations were determined using the RC/DC Protein Determination Kit (Biorad Laboratories
GmbH, Munich, Germany). Proteins (above 15 kDa) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) according to (Laemmli, 1970) using Biorad
Minigel Systems (Biorad Laboratories GmbH, Munich, Germany). The gels were loaded on an
equal protein basis (10 or 20 μg protein pro lane). For the separation of small proteins (below 10
kDa) Tris-Tricine buffered SDS-PAGE was performed as described (Schägger and von Jagow,
1987).
Immunoblot was carried out according to (Towbin et al., 1979) using a polyvinylidene
difluoride (PVDF) membranes with 0.45 µm pore size (GE-Healthcare, Munich, Germany) at a
current of 0.5 mA cm-2 of membrane for 40 min for small proteins (below 15 kDa) and for 1 mA
cm-2 of membrane for 60 min for proteins above 15 kDa. Membranes were blocked in 5% (w/v)
non-fat dry milk dissolved in PBS containing 0.1% (v/v) Tween 20. Enhanced chemiluminescence
method (ECL Plus, GE Healthcare, Munich, Germany) was used as a detection system. Antibody
sources: anti-OHP1 (this work, see above), anti-OHP2 (Andersson et al., 2003), anti-ELIP1
(Heddad et al., 2006), anti-33 kDa protein from the oxygen-evolving complex (PSBO) (Lundin et
al., 2008), anti-D1 protein from PSII reaction center (PSBA), anti-B subunit from PSI reaction
center (PSAB), anti-C (PSAC)and anti-L (PSAL) subunits of PSI, anti-light-harvesting Chl a/bbinding proteins of PSI (LHCA1-4) and PSII (LHCB1-6), anti-β subunit of the CF1-ATP-synthase
complex (ATPB) and anti-cytochrome f (CYT f) (all purchased from Agrisera AB, Vännäs,
Sweden).

ISOLATION AND ASSAY OF PIGMENTS
Plant material was homogenized in the presence of 1 ml 100% acetone and cell debris was removed
by centrifugation. The absorbance of the acetone solution was determined at 662 nm, 645 nm (Chls)
and 470 nm (carotenoids) and the pigment content was calculated as described by Lichtenthaler and
Wellburn (1983). For pigment composition, extracts were separated on a Spherisorb ODS1 5 µm
RP18 (250 x 4 mm) HPLC column (Dr. Maisch, Ammerbuch, Germany) as described in Gilmore
and Yamamoto (1991).
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FRACTIONATION OF THYLAKOID MEMBRANES
For Blue-Native (BN)-PAGE thylakoid membranes were isolated from intact chloroplasts as
described (Fraser et al., 1994) and protein complexes solubilized with 0.8% (w/v) n-Docecyl-β-Dmaltoside in solubilization buffer A (Wittig et al., 2006) for 10 min on ice. After centrifugation at
16,000 x g for 5 min at 4°C the supernatant (equivalent of 10 μg Chl) was loaded immediately on
the 5-10% gradient gel. BN-PAGE was performed as described (Wittig et al., 2006) in complete
darkness at a constant voltage of 75 V at 4°C for 4 to 5 hours. The lanes of the first dimension were
excised and denatured by incubating in 50 mM Tris, pH 7.5, 2% (w/v) SDS and 100 mM βmercaptoethanol for 15 min at 65°C, rinsed thoroughly with H2O and subjected to denaturated SDSPAGE in the second dimension.
For isolation of photosynthetic complexes by sucrose density gradient centrifugation
isolated chloroplasts (50 µg Chl) were osmotically broken and thylakoid membranes were isolated
by centrifugation at 24,000 x g for 10 min at 4°C. Protein complexes were solubilized with 1%
(w/v) n-Dodecyl-β-D-maltoside on ice and loaded on a linear sucrose density gradients (0.1 M to
1.0 M sucrose) as described (Muller and Eichacker, 1999). After centrifugation for 12 hours at
120,000 x g at 4°C the gradient was fractionated and proteins of each fraction were precipitated
with 5% (w/v, final concentration) of trichloroacetic acid prior to the centirfugation at 24,000 x g
for 10 min at 4°C. Pellets were washed with 100% acetone, resuspended in SDS sample buffer
(Laemmli, 1970) und subjected to SDS-PAGE as described above.

PULSE AMPLITUDE MODULATED (PAM) FLUORIMETRY
Chl fluorescence was monitored using an Imaging PAM Chl Fluorometer (Walz GmbH, Effeltrich,
Germany) equipped with a standard measuring head. Program settings used in kinetics experiments
were: measuring light intensity 1, measuring light frequency 1, actinic light intensity 11, actinic
light width 0, damping 2, saturating pulse intensity 10, image correction max. area, slow induction
delay 40 s, slow induction clock 20 s, slow induction duration 615 s and yield filter 3. Before the
measurements single leaves or whole plants were dark-adapted for 5 minutes and then exposed to a
saturation 1 s light flash. All fluorescence parameters were calculated by the named device. The
minimal fluorescence (Fo) in the absence of actinic light and maximal fluorescence (Fm) after a
saturating light flash were measured and the variable fluorescence (Fv=Fm-Fo) was calculated as
described (Butler and Kitajima, 1975). The photochemical yield of open PSII reaction centers,
commonly known as the relative variable fluorescence, was calculated as Fv/Fm (Maxwell and
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Johnson, 2000). This value reflects the maximal efficiency of PSII that is measured in dark-adapted
tissues. The effective quantum yield of PSII photochemistry (PSII yield) was calculated as
described (Maxwell and Johnson, 2000) (∆F/Fm = (Fm´- Ft)/Fm´) at the end of the actinic light
phase, where Fm´ represented the maximal fluorescence in the light and Ft was the steady-state
fluorescence yield in the light measured immediately before the saturating light flash. The PSII
yield represents the proportion of the light absorbed by Chl associated with PSII that is used in
photochemistry.

PHYLOGENETIC ANALYSIS
Sequence data were collected from public databases, including JGI (www.jgi.doe.gov/), NCBI
(http://www.ncbi.nlm.nih.gov),

TIGR

(http://www.tigr.org),

Kazusa

(http://bacteria.kazusa.or.jp/cyanobase) and UniProt (http://www.uniprot.org) and were classified
according to (Engelken et al., submitted). Translated sequences were aligned with M-Coffee
(Wallace et al., 2006) and manually refined in Bioedit (Hall, 1999). The substitution matrices were
chosen with Prottest (Abascal et al., 2005) and phylogenetic analyses were performed in MEGA
(Kumar et al., 2004), PHYML 3.0 (Guindon and Gascuel, 2003), and PHYLIP (Felsenstein, 1993).

RESULTS
PHYLOGENETIC ANALYSIS OF OHP1 RELATIVES
Three studies (Neilson and Durnford, 2010; Engelken et al., submitted; Sturm et al., unpublished )
have recently shown that the LHC-like proteins are more diverse than previously thought. This is
also true for the OHP of the extended LHC protein superfamily. Several red algae and the
glaucophyte Cyanophora paradoxa do not only possess plastid-encoded HLIPs but in addition also
one or several nuclear-encoded OHP1-like proteins (Engelken et al., submitted). In the most of
organisms OHP1 are encoded by only one gene copy per organism but there are exceptions, like
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Physcomitrella patens (two OHP1) and Populus trichocarpa (two OHP1). Strikingly, OHP1 are
highly conserved over around 50 amino acids (Supplemental Figure S1), which is not the case for
cyanobacterial and eukaryotic HLIPs. In order to gain a picture of the phylogenetic relationships
between the homologous HLIP and OHP1, we carried out a phylogenetic analysis based on the
conserved region around the Chl-binding domain. In a tree including eukaryotic HLIPs, OHP1 that
is rooted with cyanobacterial HLIPs, the cluster of OHP1 is supported with high bootstrap support
(Figure 1). The topology of these gene trees very roughly follows the expected species tree of the
Viridiplantae , which is evidence for the high phylogenetic informativeness of the underlying
alignments. The HLIP part of the tree to the contrary is largely unresolved, which might be due to
their high sequence diversity. In a complementary analysis, we aimed to include the maximum
sequence diversity of eukaryotic OHPs (but without OHP2, see Discussion). Therefore, we included
nuclear-encoded HLIP-like sequences identified in glaucophytes, red algae and algae with complex
plastids in the phylogenetic analysis (Supplemental Figure S1). The overall picture is the same as in
the restricted analysis, namely that OHP1 cluster with high support and that phylogenetic structure
among the HLIPs remains elusive. Interestingly, two OHP1-like sequences from the haptophyte
Emiliania huxleiy cluster with green algae in the OHP1 clade.
The length of the C-terminal amino acid sequence was conserved across all available OHP1
sequences (except for E. huxleyi), whereas in HLIPs and OHP1-like the length tended to be shorter
and much more variable. In addition, this characteristic of the OHP1 seems to be a unique feature,
as the C-terminal length of all major protein families (LHC, PSBS and LHC-like) is not fixed.

LOCALIZATION STUDIES OF OHP1
We investigated subcellular location of OHP1 using blue-native polyacrylamid gel electrophoresis
(BN-PAGE) (Figure 2A) and biochemical fractionation of thylakoid membranes by detergent
treatment and sucrose density gradient centrifugation (Figure 2B). Our data revealed (Figure 2A,
top) that a good BN-PAGE separation was obtained for PSI monomer/PSII dimer, cytochrome b6/f
(Cyt b6f)/PSII monomer and three different light-harvesting subcomplexes of PSII (LHCII), the
assembling, trimeric and monomeric LHCII. In order to analyze the composition of these
complexes, the BN gel strips were placed on the top of second dimension gels and proteins of each
complex were separated by denaturated SDS-PAGE and stained by silver (Figure B2, middle).
Immunoblot analysis showed that OHP1 was present in PSI monomer/PSII dimer complex and a
second signal was obtained in LHCII trimers (Figure 2B, bottom).
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Fractionation of solubilized thylakoid membranes on sucrose density gradients revealed a
good separation of PSII with and without LHCII antenna, PSI with LHCI antenna und LHCII trimer
and monomer (Figure 2B). A protein pattern in collected fractions was analyzed by SDS-PAGE and
silver staining (Figure 2B). Immunoblot analysis revealed that the majority of OHP1 was present in
the fraction 10 (Figure 2B). The distribution of PSI and PSII in the gradient was tested with marker
antibodies against the subunit B of PSI reaction center (PSAB) and the 33 kDa protein of the
oxygen-evolving complex (PSBO) that is associated with PSII. The results revealed that OHP1 is
present in the fraction containing both PsaB and PsbO proteins (Figure 2B).

ISOLATION AND VALIDATION OF HOMOZYGOUS OHP1 DELETION MUTANTS
In order to perform functional analysis we isolated homozygous ohp1 knockout (Ko) mutants.
Seeds of the T-DNA insertion line 362D02 (N434694) were obtained from the GABI-Kat
collection, Cologne, Germany (Rosso et al., 2003). PCR analysis and subsequent sequencing of the
obtained DNA fragment confirmed the T-DNA insertion in the central part of the second exon
(Figure 3A). Segregation analysis of mutant seeds grown in the presence of sulfadiazine as a
selection marker suggested one insertion event in the genome, as the ratio of three resistant to one
sensitive seedling was obtained. 25% of the plants died during germination, suggesting being the
azygous what corresponds to the wild type (Wt) and 50% developed normally representing
probably the heterozygous (Ht) mutant lines. The remaining 25% seeds germinated but were not
able to grow, thus, they were expected to be homozygous Ko mutant lines carring the inserted TDNA in both OHP1 alleles. These results were confirmed by PCR analysis (Figure 3B). Strikingly,
homozygous ohp1 Ko mutants could only grow under low light conditions on medium
supplemented with sucrose. When grown on different concentrations of sucrose the size difference
between Ko mutants and Wt or Ht plants was the more pronounced the lower the sucrose
concentration was (data not shown).
Northern blot and Western blot analysis (Figure 3C, D) confirmed the absence of OHP1
transcript and protein, respectively, in the Ko ohp1 mutants. A strongly reduced amount of OHP1
transcript and protein was detected in Ht mutant plants as compared to Wt (Figure 3C, D).
Depletion of OHP1 resulted in seedling lethality shortly after seed germination under
standard growth conditions of A. thaliana (see Materials and Methods). In order to be able to
perform phenotypic analysis plants were grown on solid medium supplemented with 3% sucrose. In
contrast to Wt or Ht plants, the Ko mutants remained very small, reaching maximum rosette
diameters ranging from 5 to 20 mm (Figure 4). The leaves of ohp1 Ko mutants were round and pale
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green as compared to dark green long-stretched elliptic leaf shape of Wt and Ht plants (Figure 5).
Pigment content likewise differed between Wt, Ht and Ko mutants (Figure 6). The differences in
growth and pigmentation between WT, Ht and Ko mutants were visible already at the seedling stage
but they were more pronounced with the increasing cultivation period. Estimated 50% of the Ko
mutants never enter the reproductiove phase, 25% started developing inflorescences but died shortly
thereafter and 25% reached an early flowering stage. Therefore, no seeds from homozygous mutant
plants were obtained and such homozygous ohp1 mutants had to be identified in each generation
from the progeny of heterozygous T-DNA insertion mutants. Furthermore, ohp1 Ko mutants
showed an early senescence and premature death. Heterozygous T-DNA insertion plants were
indistinguishable from Wt plants during the whole cultivation period.
To examine the photosynthetic performance of the mutants, we monitored Chlfluorescence
using PAM fluorimetry. As shown in Figure 7 ohp1 Ko mutants showed an elevated ground state
fluorescence with Fo values on average 6 times as high (values ranged from 2- to 16-fold, standard
deviation 2.7) as in Wt or Ht plants. This high Fo value can be interpreted as a low rate constant
energy trapping by PSII (Havaux, 1993). The maximum quantum efficiency of PSII in darkadapted state (Fv/Fm) was on avarage 0.15 ± 0.07 (n = 26) (values ranged from 0.03 to 0.32) for
ohp1 Ko mutants. The low Fv/Fm values for the ohp1 Ko mutants resulted from the elevated Fo
values. The Fv/Fm value for Wt or Ht plants was on average 0.76 ± 0.07, (n = 30), which
corresponds to values reported for healthy plants. Measurements of Chl fluorescence induction
kinetics after a saturating light pulse revealed a typical Kautsky curve for Wt, but not for Ko mutant
plants (Figure 8). Depending on Ko mutant ages the Ft level either rapidly dropped below the Fo
value as soon as actinic light was applied and returned back to the initial Fo values after 5 min of
light (in 3-week-old plants) or the Fo values remained almost constant (in 12-week-old plants).
To assess the differences in pigmentation of Ko, Ht mutants and Wt plants Chl and
carotenoids were extracted and quantified photometrically (Figure 6). While Wt and Ht mutants
contained comparable amounts of Chl and carotenoids, the overall content of pigments was
considerably reduced in homozygous Ko mutants. In relation to Wt the total Chl content was
reduced by approximately 50%, whereby Chl a was reduced by more than 50% and Chl b by
approximately 30% (Figure 4E). The carotenoid content of Ko mutants was about 60% of the Wt
amount. The pigmentation differences of the Ko mutant is also reflected by the Chl a : Chl b ratio of
2.3 : 1 (in Wt 3.3 : 1) and a total Chl : carotenoid ratio of 4.5 : 1 (in Wt 5.5 : 1).
Carotenoid analysis using HPLC revealed that the ohp1 Ko mutant contained xanthophylls
antheraxanthin and zeaxanthin, while Ht mutants and Wt plants possessed only violaxanthin as an
accessory pigment (data not shown).
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CHLOROPLAST MORPHOLOGY OF OHP1 KO MUTANTS
We analyzed chloroplast morphology of the ohp1 Ko mutant by transmission electron microscopy.
Micrographs of leaf sections revealed an altered organization of thylakoid membranes as compared
with Wt or Ht mutant plants (data not shown). The latter two had a normally developed thylakoid
membranes system with large grana stacks and connecting stroma lamellae. In contrast, in Ko
chloroplasts stroma lamellae were missing and the non-appressed regions of grana stacks
(consisting of grana margins and stroma-exposed parts of grana stacks) were drastically swallen.
Interestingly, the appressed regions of grana stacks were normally developed and comparable with
the similar regions of Wt and Ht chloroplasts (data not shown). A large starch granules were visible
in Wt and Ht chloroplasts indicating normal photosynthetic activity. Such starch granules were
missing in the Ko mutant, corresponding to a lack of photosynthetic activity.

PHOTOSYNTHETIC PROTEINS FROM THE REACTION CENTRE AND LIGHTHARVESTING ANTENNA ARE MISSING OR DECREASED IN THEIR AMOUNTS IN
HOMOZYGOUS OHP1 KNOCK OUT MUTANTS
The integrity of photosynthetic protein complexes was analyzed in 12-week-old plants by
separating membrane proteins by SDS-PAGE and concomitant immunodetection. Figure 9 shows
that several antenna proteins of PSII and PSI were present in reduced amounts in the Ko mutants as
compared to Wt. Strikingly, the reaction center proteins of both PSII (PSBA) and PSI (PSAB) were
not detectable. The oxygen-evolving complex (PSBO) of PSII and PSAK, a subunit of PSI, was
strongly reduced (Figure 9). Interestingly, OHP2 was also absent in ohp1 Ko mutants and ELIP1
was detected in Ko mutants already at low light conditions (Figure 9).
Further analyses of three-week-old plants showed that the reaction centers were barely
detectable but still present, and the levels of antenna proteins were less effected in younger Ko
mutants than in older analyzed plants (data not shown). In addition, the protein levels were also
investigated in plants grown under different light conditions (Figure 10). The amount of several
proteins, especially LHC proteins, were much lower in plants grown under higher light conditions
(100 µmol m-2 s-1) than under low light conditions (below 10 µmol m-2 s-1). The reaction center
proteins of both photosystems were not detectable under either condition tested (Figure 10).
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DISCUSSION

In this study we demonstrate that OHP1 plays a critical role in photosynthesis by
photoprotection of PSI from photodamage. The depletion of OHP1 leads to an impairment or a
complete loss of photosynthesis in A. thaliana plants. This phenotype is very striking by itself but
even more in the light of knockout experiments with numerous other proteins of the same
superfamily. The deletion of PSBS in the mutant npq4-1 (Li et al., 2000; Peterson, 2005), the
deletion of both ELIPs in elip1/elip2 double mutants (Rossini et al., 2006), the downregulation of
a single LHCII (Ruban et al., 2003) or their combinations (Ganeteg et al., 2004) had not such a
destructive effect on the phenotypic level. Possibly, the functions of these proteins are redundant
and can be compensated by other proteins in contrast to the loss of OHP1 function.
In the past many research groups have tried to reveal the function of ELIP family
members, both in cyanobacteria and higher plants. The results of these studies have often been
contradictory and have been controversially discussed without reaching a consensus so far
(Adamska, 2001). However, most of these studies were performed either on three-helix ELIPs in
higher plants or Hlips/Scps in cyanobacteria. Since there are two or more different ELIP proteins
in higher plants and several Hlips/Scps in cyanobacteria, therefore some functional redundancy
among the proteins is possible. This is supported by the creation of Synechococcus mutants
missing all four Hlips, which were not viable while growing under high light conditions (He et al.,
2001). It could be also shown that Hlips in cyanobacteria stabilize PSI trimers under high
irradiance exposure (Wang et al., 2008).
Forward genetic studies have been performed to identify genes essential for the
photosynthetic machinery. Since defects in photosynthesis generally manifest in changes in Chl
fluorescent parameters, PAM fluorimetry was the screening method of choice to select such
mutants (Meurer et al., 1996). Although ohp1 Ko mutants are easily to identify on basis of their
high Chl fluorescence, they were not found in these studies probably due to their low viability.
Based on our data we suggest that OHP1 protects PSI from photooxidative damage. Preventing
oxidative damage of PSI is of great importance due to the very slow and incomplete recovery that
needs several weeks to be completed (Hihara and Sonoike, 2001; Scheller and Haldrup, 2005) and
the fact that PSI is ivolved into two electron transport pathways. Not only linear electron transport
becomes impaired upon PSI malfunction but also cyclic electron transport breaks down (Tjus et
al., 2001). Both effects would strongly increase the excitation pressure on PSII leading to
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prolonged Chl triplet states, which are a potent source of singlet oxygen generation. High
concentrations of ROS would be in turn connected to a massive protein destruction (Mittler,
2002). Such an effect occurred in ohp1 Ko mutants and led to their bleached phenotype.
Therefore, it is plausible that photosynthetic organisms need an efficient system that prevents or at
lease minimize the formation of ROS. We propose that this function is fulfilled by OHP1 in PSI.
Whether OHP1 participates in binding and neutralization of free Chl or is involved in energy
dissipation remain to be elucidated.
It is striking that all photosynthetic eukaryotes, whose genomes were completely
sequenced, possess at least one Hlip (glaucophytes and red algae) or OHP1 (green algae and
plants). This can be taken as an indication that they fulfil an indispensable function. Ostreococcus
tauri and Aureococcus anofagefferens with no OHP1 seem to be the only exceptions (Neilson and
Durnford, 2010), however, this may also be due to missing data or a wrong annotation of the
genome assemblies. In contrast to the high diversity of HLIPs and their variable number per
organism, OHP1 typically are encoded by one gene copy per organism and they are highly
conserved, an effect that is possibly more pronounced in land plants including mosses
(Supplemental Figure “Alignment”). This higher degree of conservation of OHP1 as compared to
HLIPs cannot be easily explained by their shorter evolutionary existence, since the split of
Viridiplantae may not have been so long after the red/green split or the origin of Plantae (Yoon
et al., 2004). Rather, it could be due to an increase in the evolutionary constraints on the OHP1,
speculatively due to functional changes. The surprising finding of two protein sequences from
Emiliania huxleyii that share sequence similarity with OHP1 is not quite understood at the
moment (Neilson and Durnford, 2010). However, we note the possibility that this could be a case
of gene transfer from green algae to haptophytes (Frommolt et al., 2008) or similar to a recently
suggested, controversial cryptic endosymbiosis event in diatoms (Moustafa et al., 2009).
The presented phylogenetic tree roughly displays the expected species topology
(Rodriguez-Ezpeleta et al., 2005) in the green lineage with a gradual evolution via the green algae
and the moss OHP1 sequence to higher land plants. This finding supports the feasibility of this
phylogenetic approach and the highly informative character of the aligned stretch of only 39
amino acids. The OHP2 represents an independent group with an ubiquitous distribution across
photosynthetic eukaryotes and many of them are predicted to possess a short hydrophobic domain
at the C-terminus, which could represent a degenerated second transmembrane helix. Also, in
phylogenetic analyses OHP2 seems to be derived from two-helix SEPs (Adamska unpublished)
rather than from HLIPs or OHP1. Therefore, it was preferred not to include OHP2 in the
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phylogenetic analyses of the homologous HLIP/ OHP1 sequences. (Neilson and Durnford, 2010)
speculated about a common origin of OHP1 and OHP2 but they failed to include the SEPs as
potential ancestors in their phylogenetic analysis. Interestingly, the sequence diversity of HLIP
and OHP1-like sequences from cyanobacteria, glaucophytes and the red lineage seem to be higher
than among OHP1 sequences, a fact that is reflected by the lack of resolution in according
phylogenetic analyses.
Recently, it was suggested that two-helix SEPs have played a central role in the
independent evolution of the LHC and PSBS proteins (Engelken et al., submitted). Intriguingly,
members from the heterogeneous group of nuclear-encoded OHP1-like proteins could likewise
represent a missing link in evolution, namely in the crucial (and possibly repeated) step from a
plastid/cyanelle-encoded HLIP to the nuclear-encoded SEPs and OHP1 (see also (Engelken et al.,
submitted). At the moment it is an open question whether OHP1 originated from plastid-encoded
HLIPs or alternatively, from nuclear-encoded OHP1-like, which are present in diverse red algae,
in algae with secondary plastids as well as in glaucophytes. The OHPs display a rather complex
pattern of gene transfers in chromalveolates (Sturm et al., unpublished ), however, an origin of
OHP1 in Viridiplantae from eukaryotic OHP1-like proteins might be the most parsimonious
explanation since no additional gene transfer from the plastid to the nuclear genome would be
required.
The ubiquitous distribution of HLIPs and OHP1 in photosynthetic eukaryotes and the
conserved sequence structure of OHP1 in Viridiplantae is an indication that this protein family is
essential for A. thaliana. Possibly, the strictly conserved length of the C-terminus could be the
result of steric constraints in the view of OHP1 as an organizing element within the thylakoid
membrane. The dramatic phenotype of ohp1 knockout mutants with an apparently distorted
organization of the photosynthetic apparatus confirms these expectations. We expect that the
present study opens the door to a mechanistic understanding of the essential role of OHP1 in
photoprotection of the photosynthetic machinery.
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Figures and Figure Legends

Figure 1. Maximum Likelihood analysis of the OHP1/HLIP protein subfamily. The tree was
based on an alignment of 23 sequences and 39 amino acid positions. Boootstrap values were
calculated under parsimony (100 bootstraps), maximum likelihood (1,000 bootstraps) and
neighbor joining algorithms (10,000 bootstraps) (see Material and Methods). This tree gives an
overview of the diversity of the OHP1 and HLIP sequences within the major lineages of Plantae
and cyanobacteria. Blue, red and green colors indicate glaucophytes, red algae together with
complex algae and green algae with land plants, respectively. Species names: Arabidopsis
thaliana, Chlamydomonas reinhardtii, Cyanidioschyzon merolae, Cyanidium caldarium,
Cyanophora paradoxa, Deschampsia japonica, Galdieria sulphuraria, Gracilaria gracilis,
Guillardia theta, Ipomea nil, Oryza sativa ssp. japonica (Os12g29570, Oryza_a and Os05g22730,
Oryza_b), Ostreococcus tauri, Physcomitrella patens ssp. patens, Populus trichocarpa, Pinus
taeda, Porphyra purpurea; Porphyra yezoensis, Scenedesmus obliquus, Synechocystis spp.
PCC6803 (ssl2542 –a; r2595 –b; ssl1633 –c; ssr1789 -d).
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Figure 2. Localization studies of OHP1. A) Separation of proteins from isolated thylakoid
membranes by BN-PAGE in the first dimension (top) and by denaturating SDS-PAGE in the
second dimension. The identity of single bands was determined by comparison to published data
(Fu et al. 2004). Immunoblot using the antibody against OHP1 (bottom). For the LHC proteins of
PSII (LHCII) monomer (M) and trimer (T) complexes were separated. B) Separation of
photosynthetic complexes on sucrose density gradient. The identity of the bands in the gradient
was deduced from published results (Swiatek et al., 2004). Collected gradient fractions were
separated by SDS-PAGE. Immunoblot analysis of collected gradient fractions using antibodies
against the subunit B of PSI reaction center (PsaB), the protein of the oxygen-evolving complex
(PsbO) of PSII and OHP1.
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Figure 3. Validation of the potential ohp1 knockout mutant. A) Schematic representation of
the OHP1 gene from the 5’ to 3’UTR (untranslated region). Exons are shown as black boxes and
the introns as a connecting white boxes. The positions of the start (ATG) and stop codon (TAA),
the annealing position of the primers (arrows) and the position of the T-DNA (grey box) insertion,
as determined by PCR, are indicated. LB, primer specific for the left border of the T-DNA;
forward (for) and reverse (rev), OHP1 gene specific primers annealing upstream and downstream
of the T-DNA insertion position. B) PCR analysis of wild type (Wt), heterozygous (Het) and
homozygous (Ko) ohp1 mutant plants are shown. Sizes of the DNA fragments are given in base
pairs (bp). C) Northern blot analysis of the OHP1 (Ohp1) transcript in Het and Ko ohp1 mutants
and Wt plants. The ethidium bromide-stained 23S rRNA is shown as a loading control. D)
Immunoblot analysis with an antibody against OHP1 (Ohp1) protein from Ko and Het ohp1
mutants and Wt plants.

Figure 4. Phenotype of wild type (Wt), heterozygous (Het) and homozygous (Ko) ohp1
knockout mutants. Shown are 6-week-old A. thaliana plants grown on solid medium
supplemented with 3% sucrose.
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Figure 5. Phenotype of ohp1 knockout mutants and wild type (Wt) plants of different
developmental ages. Differences in growth and appearance of the 10-day-old (A), 3-week-old
(B), 6-week-old (C) and 10-week-old ohp1 Ko mutants in relation to Wt.

Figure 6. Pigment content of ohp1 mutants. Acetone extracts of wild type (Wt) heterozygous
(Het) and homozygous (Ko) mutants were analyzed by spectrometry. Shown are Chl a and b as
well as the total carotenoid content (n=6).
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Figure 7. The minimal fluorescent Fo in wild type (Wt), heterozygous (Het) and homozygous
(Ko) ohp1 knock out mutants analyzed by Imaging PAM fluorimetry. Shown is the image of Fo
after
5
minutes
in
the
dark,
displayed
with
a
false
color
mode.

Figure 8: Chl fluorescence kinetics of ohp1 Ko mutants and wild type (Wt) plants. The Chl
induction kinetic was recorded using PAM Chl fluorimetry. The data of two Wt and two ohp1 Ko
mutant leaves of different ages are shown. Ko1 and Wt1 are 3-week-old Ko2 and Wt2 are 12week-old. The black bar represents the lap of time in which plants were illuminated with actiniv
light to drive photosynthesis.
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Figure 9. Protein analysis of ohp1 knockout mutants. Wild type (Wt), heterozygous (Het) and
homozygous (Ko) mutant 12-week-old plants were analyzed for their level of several
photosynthesis-related proteins. Samples were loaded on an equal protein basis (10 or 20 μg)
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Figure 10: Immunoblot analysis of photosynthesis-related proteins in ohp1 Ko mutants
under different light regimes. Membrane proteins of 12-week-old ohp1 Ko mutants (Ko),
heterozygous mutants (Het) and wild type (Wt) plants grown at either 10 or 100 μmol m-2 s-1
were separated by SDS-PAGE and used for Western blotting and immunodetection. Samples were
loaded on an equal protein basis (10 or 20 μg)
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Supplemental Figure S1: Alignment of OHP1 and HLIP sequences. A selection of OHP1 from
plants and green algae and a selection of pro- and eukaryotic HLIP sequences is given. Identical
amino acids shown in white are surrounded by a black and similar amino acids by a grey box.

125

CHAPTER 4: Role of OHP1 in photoprotection

Supplemental Figure S2: Maximum Likelihood Tree including OHP1, nuclear-encoded
OHP1-like and eukaryotic and cyanobacterial HLIP. 45 sequences and 32 amino acid
positions were analyzed with the LG+I+G+F substitution model as implemented in Phyml 3.0
(Guindon and Gascuel, 2003).
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Abstract
One-helix protein (OHP2) belongs to the light stress-induced protein family related to lightharvesting chlorophyll a/b-binding proteins of photosystem I and II (PSI and PSII, respectively).
A photoprotective function was proposed for OHP2 in PSI of higher plants. Here we provide
experimental proof that the disruption of both alleles of the OHP2 gene results in photobleached
phenotype of Arabidopsis thaliana plants grown under low light conditions. The effect seems to
be recessive since no phenotypic differences were observed between heterozygous mutants and
wild type plants. Homozygous ohp2 mutant plants were sterile and dependent on an external
carbon source due to a lack of photosynthetic performance. A very low quantum yield and
maximal efficiency of PSII was measured in such mutants. The severeness of the ohp2 mutant
phenotype depended on growth conditions and was more pronounced at normal (100 μmol m-2 s-1)
and low light (50 μmol m-2 s-1) conditions as compared to very low light (10 μmol m-2 s-1)
conditions and stronger in a light/dark regime as compared to continuous illumination. A reduced
pigment and protein content was assayed in homozygous ohp2 mutant plants. Immunoblot
analysis revealed that PSI and PSII reaction center proteins are missing and several lightharvesting antenna proteins are strongly reduced in ohp2 knock out mutants as compared to wild
type or heterozygous plants. Based on these data we propose that OHP2 plays a fundamental role
in plant photoprotection of PSI.
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INTRODUCTION

The early light-induced proteins (ELIP) are close relatives of the light-harvesting complex (LHC)
proteins of photosystem I (PSI) and photosystem II (PSII) (Montane and Kloppstech, 2000;
Adamska et al., 2001). In contrast to LHC proteins, which the primary function is light absorption
through chlorophyll (Chl) excitation and the transfer of absorbed energy to photochemical
reaction centers (Green and Durnford, 1996) a photoprotective function was proposed for ELIP
subfamily members (Montane and Kloppstech, 2000; Adamska, 2001). ELIPs are assumed to
transiently bind free Chls preventing of formation of reactive oxygen species (ROS) and/or
participate in energy dissipation(Montane and Kloppstech, 2000; Adamska et al., 2001).
The LHC-like family in Arabidopsis thaliana consists of 10 proteins that are divided into
three groups: (i) the three-helix ELIPs, (ii) the two-helix stress-enhanced proteins (SEPs)(Heddad
and Adamska, 2000), and (iii) the one-helix proteins (OHPs) (Jansson et al., 2000; Andersson et
al., 2003) that in cyanobacteria are called also Hlips (for high light-induced proteins; (Dolganov et
al., 1995) or Scps (for small Cab-like proteins; (Funk and Vermaas, 1999). While ELIPs are not
detected under low light conditions and accumulate in response to light stress (Heddad and
Adamska, 2000; Heddad et al., 2006), significant amounts of SEP and OHP transcripts and
proteins are present in the absence of light stress but their level increases during exposure of
plants to high intensity light (Heddad and Adamska, 2000; Andersson et al., 2003).
Two OHP proteins were reported from A. thaliana, the OHP1 (At5g02120; (Jansson et al.,
2000) and the OHP2 (At1g34000; (Andersson et al., 2003). It was demonstrated that the OHP2
gene expression is triggered by light stress in a light intensity-dependant manner (Andersson et
al., 2003) and that OHP2 accumulated in PSI, both under low and high light conditions
(Andersson et al., 2003). Based on these findings it was proposed that the accumulation of OHP2
might represent a novel photoprotective strategy induced within PSI in response to light stress.
At ambient temperatures photoinhibition occurs primarily at the level of PSII and involves
reversible inactivation of PSII due to the arrest of electron flow within this complex followed by
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irreversible damage to subunits of PSII reaction center. The major target of photooxidative
damage is the D1 protein that binds all cofactors involved in primary and secondary electron flow
within PSII (Barber and Kuhlbrandt, 1999). A large number of studies have reported the
sensitivity of PSII to photodamage and much is known about the mechanism of damage and repair
(Barber and Andersson, 1992; Prasil et al., 1992; Melis, 1999; Andersson and Aro, 2001; Burnap,
2004). Although PSI has been considered to be more stable than PSII, photoinhibition of PSI in
higher plants has been observed during illumination of plants at chilling temperatures (Hihara and
Sonoike, 2001; Scheller and Haldrup, 2005). The mechanism of damage to PSI involves oxidative
destruction of the iron-sulfur clusters at the reducing side of PSI (Sonoike et al., 1995; Sonoike,
1996; Sonoike et al., 1997; Choi et al., 2002). During damage, a degradation of PSI subunits was
reported in several cases (Sonoike, 1996; Sonoike et al., 1997; Ivanov et al., 1998; Tjus et al.,
1999). In barley and A. thaliana PSI damage was always observed with a concomitant damage to
PSII (Tjus et al., 1998; Zhang and Scheller, 2004).
In order to prove experimentally the proposed photoprotective function of OHP2 in PSI we
isolated and characterized ohp2 knock out mutants of A. thaliana. We compared photosynthetic
performance, chloroplast morphology, pigment and protein composition of such mutants with
wild type (WT) plants. We demonstrated that homozygous (HM) ohp2 knock out mutants are
photosynthetically inactive and therefore not viable, while grown on soil. HM mutants grown on
solid medium supplemented with sucrose, as an external carbon source, were pale-green, retarded
in their growth and sterile. A low Chl and carotenoid (Car) content as well as a loss or a decreased
amount of several photosynthesis-related proteins was observed in such mutants as compared to
heterozygous (HT) mutants or WT plants.

RESULTS

EVOLUTIONARY ORIGIN OF OHP2 IN HIGHER PLANTS
Recently, it has been recognized that OHP2 is taxonomically widespread across photosynthetic
eukaryotes (Neilson and Durnford, 2010; Engelken et al., submitted). OHP2 typically occurs as a
single-copy gene, like OHP1 , and is present even in organisms that possibly lack other OHP
genes (Neilson and Durnford, 2010; Engelken et al., submitted), like Ostreococcus tauri,
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Aureococcus anophagefferens and Cyanidioschyzon merolae. The C-terminus of OHP2 has a
similar length as OHP1 but as opposed to OHP1 (Beck et al., unpublished) its length can slightly
vary. The OHP2 is sometimes understood as evolutionary sister clade to OHP1, as implied in
Figure 1 in (Neilson and Durnford, 2010). However, in this study, no two-helix SEP sequences
and an insufficient number of eukaryotic OHPs were included, therefore the origin of OHP2 could
not be resolved.
We carried out phylogenetic analyses on two different datasets, one of them based on
OHP2, OHP1 and all available two-helix SEP proteins from (Engelken et al., submitted). This
analysis in an alignment of 78 sequences and 32 unambigously aligned amino acid positions and
clearly shows the monophyly of OHP2 clade including OHP2 from Cyanophora paradoxa and its
possible origin from deep-branching SEP groups (Figure 1). If additional eukaryotic OHPs are
included, the sister clade of OHP2 becomes difficult to determine, but OHP1 are never the sister
clade (data not shown). In a comparison between the sequence logos of OHP1 and OHP2 (Neilson
and Durnford, 2010; Engelken et al., unpublished) it is evident that there are very few positions
that are uniquely conserved between the groups; glutamine (E-6) and phenylalanine (F-5) are
conserved but overlap with the Chl-binding motives in HLIP and in the first helix of PSBS.
Interestingly, secondary structure analyses of OHP2 typically indicate the presence of a
short, hydrophobic membrane anchor (data not shown), which was already recognized by
(Andersson et al., 2003). Hence, if we assume an origin of OHP2 from SEPs, the OHP2 would
have lost a part of their second transmembrane alpha-helix as opposed to having gained a
membrane anchor.
ISOLATION AND CULTIVATION OF HOMOZYGOUS OHP2 KNOCK OUT MUTANTS
The OHP2 gene in A. thaliana is located on chromosome 1 at locus At1g34000 and is composed
of two exons and one intron. The seeds of the potential ohp2 knock out mutant (line 071E10) were
obtained from the GABI-Kat collection, Cologne, Germany (Rosso et al., 2003). Based on PCR
analysis and subsequent sequencing of amplified cDNA fragments this mutant carried a T-DNA
insertion within the intron of the OHP2 gene (Figure 2A). Segregation analysis of mutant plants
grown in the presence of sulfadiazine as a selection marker identified one descendant line with a
ratio of sulfadiazine resistant to sensitive plants of three to one, suggesting a single T-DNA
insertion event in the genome. During cultivation of this line 25% of plants died during
germination, 50% developed normally and the remaining 25% germinated but were not able to
grow. This suggested that former plants might represent WT and HT mutant lines, respectively,
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while latter plants might carry T-DNA insertions in both ohp2 alleles. PCR screening of the
progeny grown on selective medium confirmed these results (Figure 2B).
In agreement with previous findings (Andersson et al., 2003) significant amounts of OHP2
transcripts and proteins were detected in WT plants grown under very low light (VLL) conditions
by Northern (Figure 2C) and Western (Figure 2D) blot analysis, respectively. Reduced amounts of
OHP2 transcript (50%-less as compared to the WT content) and protein (20%-less as compared to
the WT content) were present in HT mutant lines, while no OHP2 transcripts and proteins were
detected in HM mutant plants.
Since HM mutant plants were sterile we used seeds from HT plants and screened them for
HM plants in each generation. Initially, the screen was done by PCR, but based on a high minimal
Chl fluorescence value (Fo) that was measured in 10- to 20-day-old HM mutants (2-3-times
higher Fo values as compared to WT and HT plants of the same age) we developed a screen based
on this parameter. Therefore, seedlings around 10 days after germination were pre-selected by
pulse amplitude modulated (PAM) fluorimetry for their homozygoty. To secure the new screening
method, 3-6 plants of each generation selected by PAM to be HM mutants, were grown for further
2-weeks on culture medium and tested by PCR. No false-positive HM mutants were identified
confirming the reliability of the PAM screen (data not shown). HT mutant plants were identified
by sowing HT mutant seeds on culture medium with sulfadiazine as a selection marker prior to
collection dark green seedlings with WT Chl fluorescence values. WT plants were obtained by
sowing A. thaliana (Col-O) seeds on culture medium without sulfadiazine.

OHP2 KNOCK OUT MUTANTS ARE PHOTOSYNTHETICALLY INACTIVE AND SHOW A
BLEACHED PHENOTYPE
Since the deletion of the OHP2 gene was lethal shortly after seed germination under standard
growth conditions, we have grown WT, HT and HM mutant lines on Murashige and Skoog
medium supplemented with 1.5% to 3% sucrose in order to perform phenotypic analysis. While
WT and HT plants were dark green and visually indistinguishable from each other during the
whole cultivation period and under all growth conditions tested, HM mutant plants were much
smaller and pale green (Figure 3A). This bleached mutant phenotype was retained during the
whole cultivation period (Figure 3A and data not shown). Some of the HM mutant plants were
able to develop inflorescences with flower buds when growing at a continuous VLL intensity of
10 μmol m-2s-1, but they did not survive long enough to enter flowering phase (data not shown).
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We investigated the photosynthetic performance of WT and mutant plants during the first
20 days of development, starting as soon as the cotyledon leaves appeared (approx. 5 days after
germination), by imaging PAM fluorimetry. During 5th day after germination WT, HT and HM
mutant plants have a relative high value (between 0.15 and 0.18) of the minimal Chl fluorescence
Fo (Figure 3B, upper row). For WT plants and HT mutant the Fo value decreased with their
further development and reached an average value of 0.05 after 20 days of growth (Figure 3B,
middle and lower rows). In contrast, HM mutant plants maintained the high Fo value during the
whole development (Figure 3B and data not shown). This high Fo value can be interpreted as a
low rate constant energy trapping by PSII (Havaux, 1993). Furthermore, HT and WT plants
showed a standard dark-light induction curve with typical changes in momentary Chl fluorescence
(Ft) yield during photosynthetic activity in applied actinic light and almost no differences in Chl
fluorescence induction kinetics were measured for HM ohp2 mutants as compared to WT plants
(Figure 3C). The Ft value of the HM mutant was high (0.15) before applying actinic light and this
value raised further to 0.21 after actinic light was turned on and remained constant for the rest of
the measurement (Figure 3C). Determination of the maximum quantum efficiency of PSII in darkadapted tissues (Fv/Fm) of developing HM mutant plants (during the 5 to 20 days after
germination) revealed a strongly reduced photosynthetic activity (20-25%) as compared to HT or
WT plants (Figure 3D). WT and HT plants showed a continuous increase of their photosynthetic
capacity during the first 20 days after germination and reached an Fv/Fm value of 0.85 typical for
healthy, unstressed plants. In HM mutants the Fv/Fm value of 0.20 remained nearly constant
during their development and entire cultivation period (Figure 3D and data not shown).

THE SEVERENESS OF THE OHP2 MUTANT PHENOTYPE DEPENDS ON GROWTH
CONDITIONS
To test whether the phenotype of HM mutants is affected by growth conditions we cultivated WT,
HT and HM mutant plants under different light (Figure 4A) and temperature (Figure 4B) regimes.
After one month of growth at continuous normal light conditions (NL, 100 µmol m-2 s-1) HM
mutant plants were very small as compared to WT and HT plants of the same age and completely
bleached (Figure 4A, left column). HM mutants grown at continuous low light conditions (LL, 50
μmol m-2s-1) were pale green and remained almost as small as HM plants grown at continuous NL
conditions (Figure 4A, lower row). At continuous VLL conditions (10 μmol m-2s-1) HM mutant
plants were partially green and bigger than those grown at NL or LL conditions but still
significantly smaller than WT or HT plants grown under the same conditions (Figure 4A, right
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column). Although HM ohp2 mutant plants developed faster at LL conditions during the first
weeks than at VLL they bleached and died shortly thereafter (data not shown). No significant
differences in size and pigmentation were observed between WT and HT mutant plants grown at
NL, LL or VLL conditions (Figure 4A, upper and middle rows). Thus, we can conclude that the
severeness of the photobleached phenotype of the HM ohp2 mutant depended on the light
intensity and was more pronounced during growth of plants at NL as compared to VLL.
As next we compared phenotypes of plants grown at the same light intensity (VLL) but
with different length of a light period and different temperatures, such as 8 h light/16 h dark and a
temperature of 25°C (Figure 4B, left column) or 12 h light/12 h dark and a temperature of 18°C
(Figure 4B, right column). The results revealed that HM mutants were stronger affected in a their
phenotypes, when growing at VLL conditions at 8 h light/16 h dark cycle than at continuous VLL
illumination (compare Figure 4A, right column with Figure 4B, left column). No significant
differences between WT and HT mutant plants were visible at these two light regimes.
Furthermore HM mutant plants grown at 18°C in a 12 h light/12 h dark cycle were still pale green
with a smaller rosette than WT and HT but significantly bigger and greener than HM mutant
plants grown at 25°C in a 8 h/16 h dark cycle (Figure 4B, compare left and right columns).
We investigated the photosynthetic performance during development of leaves (after the
first 5 days after cotyledon leaves appeared) of WT, HT and HM plants grown at VLL and LL
conditions by measurement of Chl fluorescence parameters, such as the Fv/Fm value representing
a maximal efficiency of PSII in dark-adapted tissues (Figure 5A) or PSII quantum yield
representing the proportion of the light absorbed by Chl associated with PSII that is used in
photochemistry (Figure 5B). The Fv/Fm values of WT and HT leaves collected from plants grown
at LL conditions increased from 0.40 (day 1) to 0.83 (day 5) (Figure 5A, left panel), while the
Fv/Fm value of leaves from WT and HT plants grown at VLL was initially lower (0.35, day 1)
and increased to 0.75 till day 5 (Figure 5A, right panel). In contrast, a much lower Fv/Fm value of
0.20 was measured in HM ohp2 mutant leaves during day 1 and this value remained constant till
day 5, both in LL and VLL grown plants (Figure 5A, compare left and right panels). Such a low
Fv/Fm value was assayed also in older HM mutant plants (data not shown). This indicates very
low or no efficiency of PSII in HM ohp2 mutants.
The PSII quantum yield in WT and HT mutant plants grown in LL increased gradually
from day 1 (0.18) till day 4 (0.45) and remained constant during day 5 (Figure 5B, left panel). A
similar increase of PSII quantum yield was assayed in WT and HT mutant plants grown at VLL
conditions but slightly lower values were measured during day 1 (0.02) till day 5 (0.42) (Figure
5B, right panel). A PSII quantum yield of 0.01 was measured in HM ohp2 mutant grown at LL
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during day 1 to 5 (Figure 5B, left panel). At VLL a PSII quantum yield remained low (0.02)
during days 1 to 5, but was slightly higher than that measured at LL. In older HM mutant plants
PSII quantum yield was not detectable (data not shown).

OHP2 KNOCK OUT MUTANT HAS REDUCED PIGMENT CONTENT
We assayed pigment content in WT, HT and HM mutant plants grown under LL or VLL
conditions (12 h light/12 h dark, 18°C) for 15 days (Table 1 and Figure 6A, developing plants)
and four weeks (Table 1 and Figure 6B, mature plants) using spectrometry. Developing WT plants
grown at LL light conditions had Chl a content of 0.378 ± 0.33 µg/mg fresh weight (FW), Chl b
content of 0.165 ± 0.026 µg/mg FW and total Car content of 0.140 ± 0.020 µg/mg FW. Mature
WT plants grown at LL for 1 month accumulated 2.5- to 3-times more pigments as compared to
developing WT plants (Table 1). Plants grown at VLL light conditions generally accumulated
higher amount of pigments with the exception of developing plants, where the Chl b and Car
content was either comparable to developing WT plants grown at LL conditions or significantly
lower, respectively (Table 1). Mature WT plants grown at VLL conditions reached the highest
values for all three pigments investigated (Table 1). No significant differences in the content of all
three pigments were measured in developing and mature HT mutant plants grown at LL or VLL
conditions as compared to WT (Figure 6A and B). A strongly reduced level of Chl a, Chl b and
Car was present in HM mutant plants as compared to WT or HT mutant plants (Figure 6A and B).
The reduction of pigment content in HM mutant plants was less pronounced in plants grown at LL
than in plants grown in VLL (Figure 6A and B, compare left and right panels). In contrast to WT
and HT mutant plants, the slightly lower pigment content was measured in mature HM mutant
plants (Figure 6B) at compare to developing plants (Figure 6A).
Furthermore, we analyzed the pattern of the major Car by HPLC. Preliminary data
indicated that while in WT and HT mutants plants neoxanthin, violaxanthin, lutein and β-carotene
were detected as major Car, HM mutant plants possessed only reduced amounts of violaxanthin,
small amounts of antheraxanthin and high amounts of zeaxanthin (data not shown). The Car
present in WT and HT represent the typical pigment composition in plants grown at ambient light
conditions, while the appearance of antheraxanthin and zeaxanthin, together with a decrease of
violaxanthin, is commonly known as the xanthophyll cycle that is activated in response to light
stress (Demmig-Adams, 2003).
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PSI AND PSII REACTION CENTERS ARE MISSING AND SEVERAL ANTENNA
PROTEINS ARE REDUCED IN OHP2 KNOCK OUT MUTANTS
We analyzed the composition of photosynthetic complexes in WT, HT and HM plants grown for 1
month at 8 h light/16 h dark under VLL or LL conditions at 25°C. Immunoblot analysis of PSII
subunits and its antenna (Figure 7A), PSI subunits and its antenna (Figure 7B) and selected
members from the ELIP family (Figure 7C) revealed no significant differences in the quality and
quantity of all proteins investigated between WT and HT mutant plants grown under LL (Figure
7A-C, left panels) and VLL (Figure 7A-C, right panels) conditions. In contrast, drastic differences
were assayed in HT mutants as compared to HT and WT plants.
The D1 protein from the PSII reaction centre was missing in HM mutant plants grown at
both, LL or VLL conditions, and only traces of the 33 kDa protein from the oxygen-evolving
complex (PSBO) were detected (Figure 7A). The amount of light-harvesting antenna proteins
from PSII (LHCB1-6) in HM mutant plants grown at LL or VLL conditions was either
comparable to WT and HT mutant plants (LHCB2 and LHCB5) or was significantly reduced
(LHCB3, LHCB4 and LHCB6). This reduction in the protein amount was more pronounced at LL
than at VLL (Figure 7A). The amount of LHCB1 was only slightly reduced in HM mutants grown
at LL as compared to WT or HT plants but not at VLL conditions, where its amount was
comparable in WT and both mutants (Figure 7A).
The subunit A from the PSI reaction center (PSAB) was either not detected or its amount
was strongly reduced in HM mutant plants grown at LL and VLL, respectively (Figure 7B). While
the amount of two light-harvesting antenna proteins from PSI, LHCA1 and LHCA3, was reduced
to a different extent in HM mutant plants grown at LL and VLL conditions, a reduced amount of
LHCA2 and LHCB4 was detected only at LL but not at VLL (Figure 7B). Thus, the reduction of
the antenna protein level in HM mutants was stronger in plants grown at LL than at VLL.
In contrast, the amount of the cytochrome b6 (Cyt b6) subunit from the Cyt b6f complex
and the AtpB subunit of the ATP synthase complex was comparable between WT, HT and HM
mutant plants (data not shown).
Further, we tested whether the deletion of OHP2 influences the expression of other
members from the ELIP family. Immunoblot analysis revealed that no ELIP1 was detected in WT
and HT mutant plants grown at LL or VLL conditions (Figure 7C). This is in agreement with
previous reports that ELIP1 was not detected under LL conditions and accumulated only in
response to light stress (Heddad and Adamska, 2000; Andersson et al., 2003; Heddad et al., 2006).
Interestingly, HM mutant plants accumulated significant amounts of ELIP1, and its amount was
higher at LL than at VLL conditions (Figure 7C). Comparable amounts of OHP1 were present in
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WT and HT mutant plants grown at LL and VLL conditions. However, in HM mutant plants the
amount of OHP1 was strongly reduced at both growth conditions (Figure 7C).
Furthermore, we assayed changes in the protein content for selected subunits of PSI, PSII
and ELIP family members in WT, HT and HM plants of different ages grown under various light
and temperature regimes (Figure 8). Immunoblot analysis using protein samples isolated from
developing 10-day-old WT and HM seedlings grown at LL or VLL at a 12 h light/12 h dark cycle
at 18°C revealed that the amount of D1 protein and LHCA3 was significantly reduced in HM
mutant plants as compared to WT, both at LL and VLL conditions (Figure 8A). The level of
LHCA1 and LHCB4 was lower in HM mutants grown at LL conditions but at VLL conditions the
level of both proteins was comparable to their amounts present in WT plants. A small amount of
ELIP1 was present in WT plants under LL and VLL growth conditions but its amount
significantly higher in HM mutant plants under both growth conditions tested (Figure 8A). As
expected no OHP2 was detected in ohp2 knock out mutant in contrast to WT control.
Immunoblot analysis using protein samples isolated from 1-month- (Figure 8B, left) or 2month-old (Figure 8B, right) WT, HT and HM mutant plants grown at VLL conditions and a 8 h
light/16 h dark cycle at 25°C showed that the amount of LHCA1 and LHCB3 is strongly and
LHCA2 slightly reduced in HM mutants of both ages as compared to WT or HT plants.
Immunoblot analysis using protein samples isolated from 1-month-old plants grown at
VLL conditions either at 18°C and at a 12 h light/12 h dark cycle (Figure 8C, left) or at 25°C at a
8 h light/16 h dark cycle (Figure 8C, right) demonstrated that the amount of LHCA1 and LHCB3
is strongly and LHCA2 slightly reduced in HM mutants as compared to WT or HT plants and this
effect is more pronounced at 25°C than at 18°C.

DISCUSSION
This study revealed that the OHP2 protein is essential for photosynthesis by stabilizing and
protecting PSI complexes from photooxidative stress. The depletion of the OHP2 protein in A.
thaliana resulted in a very low growth rate and a photobleached phenotype of HM mutant plants
that led to lethality under standard light conditions. HT mutants, however, with 20% lower OHP2
content as compared to WT plants, were not influenced in their phenotypes and photosynthetic
performance. To obtain viable ohp2 knock out plants we cultivated them on a culture medium
supplemented with sucrose under LL or VLL light intensities, and even under such conditions
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mutant plants were pale green with fragile bodies, thin stems and petioles and died before
producing reproductive shoots. The severeness of the bleached ohp2 mutant phenotype was
strongly dependant on the growth conditions, where the light intensity, length of photoperiod and
temperature played the major role. The most affecting parameter was the light intensity. With
increasing growth light intensity from VVL till LL to NL the severeness of photobleaching was
more pronounced. Furthermore, HM mutant plants grown at continuous illumination were less
photobleached than plants cultivated in a light/dark cycle. It seems that the HM mutants suffer
severe photooxidation under conditions were light intensity changes are drastic, as it is the case
when light is switched on at the beginning of the light phase. This might result from a better
photoacclimation of plants grown under continuous illumination than exposed to daily light/dark
cycle. The third parameter essential for the severeness of the phenotype was growth temperature.
A temperature of 18°C resulted in a less expressed HM mutant phenotype than 25°C.
The dependence of HM ohp2 mutants on an external carbon source, strongly suggests that
a severe defect in the photosynthetic performance is hindering photoautotrophic growth. This
assumption was experimentally supported by PAM measurements. WT, HT and HM mutant
plants revealed high Fo values, while the photosynthetic apparatus was still assembling in
developing plants (Figure 4B) that corresponds to a low rate constant energy trapping by PSII
(Simpson and von Wettstein, 1980; Croxdale and Omasa, 1990; Havaux, 1992). While in WT and
HT mutant plants the Fo value decreased during the development, in HM ohp2 mutant plants the
Fo value remained high during the whole cultivation period. Similar effects were found in some
high Chl fluorescence mutants with strongly reduced levels of PSII polypeptides (Meurer et al.,
1996), or plants with high levels of free pigments in the chloroplast. The high basal level of Fo in
the ohp2 mutant with no (or only minor) changes in Chl fluorescence kinetics in actinic light
clearly indicates low or no photochemistry in such plants. This points to defective photosynthetic
machinery in HM ohp2 mutant plants.
To explain the loss of photosynthetic performance in HM ohp2 mutants two possibilities
can be discussed: the lack of photoprotective OHP2 results in increased photodamage and
degradation of photosynthetic proteins, or/and the OHP2 is essential for the assembly of
photosynthetic apparatus. The following data strongly support a photoprotective role of OHP2: (i)
developing HM ohp2 mutants were clearly less damaged in their photosynthetic machinery than
mature plants, (ii) mutants grown at higher light intensities or in a light/dark cycle were stronger
affected in their phenotype than mutants grown at lower light intensities or continuous light, and
(iii) WT plants had higher levels of OHP2 in LL than in VLL.
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Measurement of Chl fluorescence kinetics in HM mutant revealed that an impairment of
photosynthetic performance occurred already in cotyledon leaves suggesting the importance of
photoprotection by OHP2 early during the chloroplast development. It was reported that
developing chloroplasts are especially vulnerable to light (Wu et al., 1999; Yamasato et al., 2008).
This is consistent with the presence of OHP2 transcripts and protein in etiolated seedlings and
their increase during photomorphogenesis (data not shown).
It was reported that OHP2 is located in PSI (Andersson et al., 2003). Unfortunately, all
information obtained by PAM measurements reflected events occurring in PSII (Maxwell and
Johnson, 2000) and no direct quantification of the fitness or quantum efficiency of PSI was
possible using our experimental setup. However, it was reported that in A. thaliana the damage of
PSI also affects the efficiency of PSII (Tjus et al., 1998; Zhang and Scheller, 2004).
Western blot analysis of proteins involved in photosynthesis revealed that the amount of
the majority of LHCA and LHCB proteins was strongly reduced in the ohp2 knock out mutant
grown under LL or VLL conditions. The only exceptions were LHCB2 and LHCB5, which
amounts were comparable with those present in WT plants. The most effected were the reaction
center proteins, the D1 protein (Figure 7A) and the PSAB (Figure 7B), which were reported to be
the main target of photooxidative damage during photoinhibition of PSII (Barber and Andersson,
1992; Prasil et al., 1992; Melis, 1999; Andersson and Aro, 2001; Burnap, 2004) or PSI (Hihara
and Sonoike, 2001; Scheller and Haldrup, 2005), respectively.
The Chl/Car-binding proteins in plants are located either in the reaction centers or form
antenna systems around PSI and PSII. The low content of Chls and Car in the HM ohp2 knock out
mutants (Figure 6A and B), leading to the pale green appearance of such plants, correlates to the
reduced content of Chl-binding proteins, such as LHCA, LHCB and reaction center proteins, D1
and PSAB. A similar bleached phenotype was reported for the quadruple hli mutant of the
cyanobacterium Synechocysis sp. PCC6803 (Havaux et al., 2003). In such a mutant the level of
PSI reaction center proteins PSAA and PSAB was notably reduced relative to WT, whereas the
abundance of the D1 protein was little affected.
It is not clear what is the primary event leading to this effect in HM ohp2 mutants: (i) the
disturbed pigment biosynthesis and thus a low stability of synthesized pigment-binding proteins,
or (ii) the disturbed synthesis or stable insertion of these proteins in the presence of normal
pigment synthesis. In favor of the first possibility speaks the fact that Chls and Car play an
important role in the stabilization and folding of Chl-binding proteins (Croce et al., 1999; Hobe et
al., 2000) and that Scps regulate tetrapyrrole biosynthesis in the cyanobacterium Synechocysis sp.
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PCC6803 (Xu et al., 2002). A role of ELIP2 as a regulator of Chl biosynthesis in A. thaliana was
also reported (Tzvetkova-Chevolleau et al., 2007).
One of the protective mechanisms against photodamage in higher plants is the xanthophyll
cycle (Niyogi, 1999; Horton and Ruban, 2005). Under light stress conditions a xanthophyll
violaxanthin is converted to zeaxanthin through an intermediate antheraxanthin (Eskling et al.,
1997). Zeaxanthin and antheraxanthin interact with excited Chls (Holt et al., 2005) to safely
dissipate excess energy as heat (Niyogi, 1999). Analysis of the Car pattern by HPLC revealed the
presence of xanthophylls cycle pigments zeaxanthin and antheraxanthin in HM ohp2 knockout
mutants grown at LL intensities. This clearly indicates that such mutants experience light stress
under conditions, which do not affect WT or HT mutant plants. Experimental evidence for this
statement is the accumulation of ELIP1 in HM ohp2 mutants grown at LL or VLL, but not in WT
or HT mutant plants cultivated at the same conditions (Figure 7C). This is in agreement with
previous findings that ELIP1 in A. thaliana is not detected in the absence of light stress (Heddad
and Adamska, 2000; Heddad et al., 2006). These data strongly support the assumption that OHP2
plays a fundamental role in photoprotection.
We therefore propose that in the analyzed HM ohp2 mutant PSI reaction centers are
damaged due to the absence of photoprotective OHP2. The loss of PSI reaction centers leads in
turn to a loss of linear photosynthetic electron flow and inhibits the cyclic electron transport via
ferredoxin and the putative ferredoxin-plastoquinone reductase (Bendall, 1995), as well as of the
water-water cycle (Asada, 1999). Two latter electron transport pathways are known to participate
in photoprotection. With blocked photosynthetic electron flow, the energy absorbed by
photosystems can only be dissipated by conversion to heat or fluorescence or might leads to
generation of ROS and photooxidative damage of cellular compounds, particularly proteins
associated with the photosystems (Niyogi, 1999). Further, with the damaged and degraded
reaction centers and antenna proteins, the amount of free Chls increases. Photosensitized free Chls
might generate singlet oxygen, thus elevating the level of ROS (Asada, 2006). One proposed
function of ELIP subfamily members is binding of free Chls and thus preventing formation of
singlet oxygen (Adamska, 2001). A massive accumulation of ELIP1 in HT ohp2 mutant plants
grown at LL or VLL conditions (Figure 7C and Figure 8A) supports this concept.
The presence of the OHP2 gene in all available genomes of plants and diverse algae
strongly supports our finding of a fundamental role of these proteins in photoprotection. In line
with this suggestion is the fact that OHP2 is present even in higly stream-lined genomes, such as
the genome of C. merolae. The wide taxonomic distribution and relatively high degree of
conservationc raises the question about the function of OHP2 in glaucophytes, red algae and
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complex algae with secondary plastids. Most of these organisms typically possess an intrinsic
antenna around PSI, and speculatively, the function of OHP2 could be similar to that in higher
plants like A. thaliana. Further, cyanobacterial PSII certainly has photoprotective mechanisms,
but OHP2 is absent from cyanobacteria (Engelken et al., submitted). Functional experiments on
OHP2 in different organisms may shed light on specialization in photoprotection and the
evolution of these functions over time.
Our finding indicate that the evolution of the OHP2 protein was independent of
OHP1, but rather related to two-helix SEP proteins or early one-helix proteins. For example, if
OHP1 and OHP2 turn out to be interaction partners in A. thaliana, then at least partially different
molecular functions can be expected for OHP2. This expectation is in agreement with notions
about major differences in photoprotection between different taxonomic groups (e.g. (Ruban et
al., 2004).

MATERIALS AND METHODS

PLANT MATERIAL AND GROWTH CONDITIONS
Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) were surface sterilized in 70%
(v/v) ethanol for 5 min and in 12% (v/v) NaOCl with 0.02% (v/v) Triton X-100 for 20 min,
washed three times with sterile water, transferred to 0.1% (w/v) agarose and stored for 1-3 days at
4°C to synchronize germination. Seeds were distributed on agar plates with culture medium,
containing 4.4 g L-1 Murashige and Skoog (MS) salts (Duchefa, Haarlem, Netherlands), 1.5%
(w/v) sucrose and 9% (w/v) agar. For selection of plants with T-DNA insertion conferring a
sulfadiazine resistance, the culture medium was supplemented with 10 µg mL-1 sulfadiazine. Plant
were grown in a growth chamber at a light intensity of VLL (10 μmol m-2s-1), LL (50 μmol m-2s-1)
or NL (100 μmol m-2s-1), at a short day photoperiod (8 h light/16 h dark), a long day photoperiod
(12 h light/12 h dark) or constant light and a temperature of 25°C or 18°C. The conditions for
each experiment are described in figure legends. Usually after 2 weeks of growth on Petri dishes,
screened plants were transferred to boxes filled with 3 cm culture medium, containing 3% (w/v)
sucrose and 9% (w/v) agar.
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ISOLATION OF A. THALIANA OHP2 T-DNA INSERTION MUTANTS
The A. thaliana ohp2 T-DNA insertion mutant GABI-Kat 071E10 was generated in the
context of the GABI-Kat program (Rosso et al., 2003) and provided by Bernd Weisshaar (MPI for
Plant Breeding Research, Cologne, Germany). HT and HM ohp2 mutant plants were identified by
PCR using gene specific primers (forward 5´-TAGCTGTTGATGGGAAGAGTGTAA-3´and
reverse 5´-AGAAGAAACAACAAGAAGAGG AAT-3’) annealing upstream and downstream of
the T-DNA insertion sites and one primer complementary to the left boarder of the T-DNA (LB
5´-CCCATTTGGACGTGA ATGTAGACAC-3´). Obtained PCR products were purified with a
PCR purification kit (Qiagen, Hilden, Germany) and sequenced (GATC Biotech AG, Konstanz,
Germany) to confirm the position of the insertion. To prove the suppression of the OHP2 gene
expression Northern blot and Western blot analysis were performed (see below).

ISOLATION OF GENOMIC DNA FROM PLANT TISSUE
A. thaliana leaves or whole plants were crushed in the Tissue Lyser (Qiagen, Hilden,
Germany) for 2 min at 25 Hz with 200 μl of lysis buffer containing 1% (w/v) CTAB, 0.5 mM
Tris, pH 7.5, 0.05 mM EDTA and 1 M NaCl. After adding 5 μl of 5% (w/v) N-Sarcosylate the
samples were incubated at 65°C for 10 min and cooled down at room temperature for 5 min. 200
μl of chloroform/isoamylalcohol (24/1, v/v) was added, samples were mixed and centrifuged at
15,000 x g for 5 min at 22°C for phase separation. The upper chloroform-containing phase was
collected, 200 μl of cold isopropanol was added, mixed and centrifuged at 15,000 x g for 1.5 min.
The DNA pellet was washed with 70% (v/v) ethanol, dried, resuspended in 50 μl of TE buffer (10
mM Tris, pH 8.0 and 1 mM EDTA) and stored at –20°C.

ISOLATION AND ASSAY OF TOTAL RNA
Plant material frozen in liquid nitrogen was pulverized in the Tissue Lyser (Qiagen,
Hilden, Germany) at 20 Hz for 45 sec, 1 ml of TRIzol (Qiagen, Hilden, Germany) was added and
samples were homogenized at 20 Hz for additional 45 sec prior to the incubation for 5 min at
room temperature. 200 µl of chloroform was added, mixed and samples were incubated for 5 min
prior to the centrifugation at 15,000 x g for 15 min at 4°C. The supernatant was collected, 1 vol of
70% (v/v) ethanol was added and the mixture was immediately loaded on an RNeasy mini column
(Qiagen, Hilden, Germany). RNA was purified as specified in the product manual.
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For Northern blot hybridization 10 µg of total RNA was separated on a 1.2%
formaldehyde gel (Sambrook and Russell, 2001) and transferred to the Pall-Biodyne nylon
membrane (Pall, New York, USA). The dioxygenin (DIG)-labeled probe was amplified out of
full-length OHP2 cDNA by PCR with the DIG DNA labeling Kit (Roche, Mannheim, Germany)
using following primers: OHP2-forward 5’-ATGAGCTCGTCGCCGTTATCT-3’ and OHP2reverse 5’- TTATAGAGGAAGATCGAGTCCTT-3’. Hybridization and detection was carried out
according to the DIG user’s manual (Roche, Mannheim, Germany). The signals were visualized
after the addition of ready-to-use CDP-Star solution (Roche, Mannheim, Germany) for
chemiluminescent detection using X-ray films (Hyperfilm, GE Healthcare, Munich, Germany).

ISOLATION AND ASSAY OF PROTEINS
For protein extraction plant material (10 to 50 small developing plants or green leaf tissue
for mature plants) was frozen in liquid nitrogen and ground in the Tissue Lyser (Qiagen, Hilden,
Germany) at 20 Hz for 30 sec, 1 ml of 100% acetone was added and samples were homogenized
at 20 Hz for additional 30 sec prior to the sonication in Transsonic T700 (Elma, Singen, Germany)
for 10 min. The samples were centrifuged at 16,000 x g for 10 min at 4°C and the collected
supernatant used for pigment analysis as described below. The pellets were either directly
resuspended in lithium dodecyl sulfate (LDS) buffer (6% (w/v) LDS, 150 mM Tris pH 8.0, 150
mM DTT, 0.015% (w/v) bromphenol blue and 30% (v/v) glycerol) to obtain total protein extracts,
or washed with buffer containing 50 mM Tris, pH 8.0 and 5 mM MgCl2 supplemented in each
washing step with increasing and decreasing concentrations of 0, 250, 500, 250 and 0 mM NaCl
(Leto and Young, 1984) for extraction of membrane proteins. Dried pellets were resuspended in
LDS buffer, ultrasonicated in Transsonic T700 (Elma, Singen, Germany) for 10 min prior to the
centrifugation at 16,000 x g for 10 min to remove cell debris. The supernatant containing
solubilized total or membrane proteins was stored at -20 C.
For determination of the protein concentration the RC/DC Protein Determination Kit
(Biorad Laboratories GmbH, Munich, Germany) was used. The manufacturer’s protocol for the
microfuge tube assay was used, including the additional washing step after the precipitation of
proteins.
Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) according to (Laemmli, 1970) using 15% polyacrylamide gels and Biorad Minigel
Systems (Biorad Laboratories GmbH, Munich, Germany). The gels were loaded on an equal
protein basis (15 or 20 μg protein pro lane). For separation of small proteins (OHP1) Tris-Tricine
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buffered SDS-PAGE was performed (Schägger and von Jagow, 1987).
Immunoblot was carried out according to (Towbin et al., 1979) using a polyvinylidene
difluoride (PVDF) membranes with 0.45 µm pore size (Hybond-P, Amersham Biosciences,
Piscataway, USA) and an enhanced chemiluminescence assay (ECL plus, GE Healthcare,
Munich, Germany) according to the manufacturer’s protocol. Antibody sources: anti-OHP2
(Andersson et al., 2003), anti-ELIP1 (Heddad et al., 2006), anti-OHP1 (Beck, J et al.,
unpublished), anti-33 kDa protein from the oxygen-evolving complex (PSBO) (Lundin et al.,
2008), anti-D1 protein from PSII reaction center, anti-A subunit from PSI reaction center, antilight-harvesting Chl a/b-binding proteins of PSI (LHCA1-4) and PSII (LHCB1-6), anti-α subunit
of the CF1-ATP-synthase complex and anti-cytochrome b6 (all purchased from Agrisera AB,
Vännäs, Sweden).
For verification of equal loading the total protein on the membranes were stained with
0.1% (w/v) amido black dye (naphtol blue black) in 40% (v/v) methanol and 5 % (v/v) acetic acid.

ISOLATION AND ASSAY OF PIGMENTS
For pigment extraction samples were treated as described in “Protein extraction and assay”
(see above). Pigment concentrations were determined photometrically in 100% acetone according
to (Lichtenthaler and Wellburn, 1983). For pigment composition, extracts were separated on an
Spherisorb ODS1 HPLC column (Dr. Maisch, Ammerbuch, Germany) as described in (Gilmore
and Yamamoto, 1991).

PULSE AMPLITUDE MODULATED (PAM) FLUORIMETRY
Chl fluorescence induction kinetics was measured at room temperature on whole plants
growing on solid culture medium (see above) using an Imaging PAM fluorimeter (Walz GmbH,
Effeltrich, Germany). Plants were preadapted in the dark for 5 min and then exposed to a
saturating 1 sec light flash. The minimal fluorescence (Fo) in the absence of actinic light and
maximal fluorescence (Fm) after a saturating light flash were measured and the variable
fluorescence (Fv=Fm-Fo) was calculated as described (Butler and Kitajima, 1975). The
photochemical yield of open PSII reaction centers, commonly known as the relative variable
fluorescence, was calculated as Fv/Fm. This value reflects the maximal efficiency of PSII that is
measured in dark-adapted tissues. The effective quantum yield of PSII photochemistry (PSII
yield) was calculated as described by (Maxwell and Johnson, 2000) (∆F/Fm = (Fm´- Ft)/Fm´) at
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the end of the actinic light phase, where Fm´ represented the maximal fluorescence in the light
and Ft was the steady-state fluorescence yield in the light measured immediately before the
saturating light flash. The PSII yield represents the proportion of the light absorbed by Chl
associated with PSII that is used in photochemistry. Mostly the kinetics program (induction curve
and recovery) for 140 sec of the Imaging PAM fluorimeter was used with standard settings. The
actinic light intensity was always chosen to fit the light intensity were the analyzed plants were
grown.

PHYLOGENETIC ANALYSIS
Sequences were taken from (Engelken et al., submitted) and augmented with sequences from
public databases (www.jgi.doe.gov; www.ncbi.nlm.nih.gov). Amino acid sequence alignments
were done in M-Coffee (Wallace et al., 2006) and edited in Bioedit (Hall, 1999). Amino acid
substitution matrices were chosen with ProtTest (Abascal et al., 2005) and in subsequent
ajnalyses, the best available model was used. Neighbor-joining bootstrap values (1,000 replicates)
were obtained in MEGA4 (Tamura et al., 2007) using the Dayhoff substitution matrix with
gamma correction (alpha=1.3). Maximum likelihood bootstrap analyses with 100 replicates were
performed using PhyML 3.0 (Guindon et al., 2005) and the LG matrix with estimated gamma
correction and allele frequencies calculated from the data. Posterior probabilities were calculated
using MrBayes (CpREV+Г4 model, 3 million generations with 50% discarded as ”burn-in”)
(Huelsenbeck and Ronquist, 2001).
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FIGURES

Figure 1. Phylogenetic analysis of the OHP2 subfamily. The Maximum Likelihood Tree was
inferred from 32 amino acid positions, bootstrap values for major groups are given. The best
available protein matrices as analyzed from Prottest likelihood criterion were used. 1,000
bootstrap replicates using the Dayhoff + gamma model were used in a neighbor-joining analysis
with MEGA4; 100 replicates in the Maximum Likelihood analysis with PhyML 3.0, 3 million
generations with 50% discarded as burn-in were used to estimate the posterior probability with
MrBayes. The probabilistic methods were using the CpRev model with four discrete gamma rate
categories. This tree indicates the possibility of a gradual evolution of OHP2 from two-helix SEP
proteins as opposed to a direct origin from OHPs.
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Figure 2. Analysis of A. thaliana mutant plants carrying T-DNA insertion within the OHP2
gene. A) Schematic representation of OHP2 gene from the 5’-UTR (untranslated region) to the
3’-UTR. Exons are shown as black boxes and the intron as a connecting white box. The positions
of the start (ATG) and stop codon (TAA), the annealing position of the primers (arrows) and the
position of the T-DNA (grey box) insertion, as determined by PCR, are indicated. LB, primer
specific for the left border of the T-DNA; forward (for) and reverse (rev) OHP2 gene specific
primers annealing upstream and downstream of the T-DNA insertion position, respectively. B)
PCR analysis of wild type (WT), heterozygous (HT) and homozygous (HM) ohp2 mutant plants
are shown. M, a low molecular DNA marker. Sizes of the DNA fragments are given in base pairs
(bp). C) Northern blot analysis of the OHP2 transcript in HT and HM ohp2 mutants and WT
plants grown for 2 months under very low light (VLL, 10 μmol m-2 s-1) conditions. The ethidium
bromide-stained 23S rRNA is shown as a loading control. D) Immunoblot analysis with an
antibody against OHP2 protein using total protein extracts isolated from HT and HM ohp2
mutants and WT plants grown as in C). As a reference, a membrane with selected total proteins
stained with amido black dye, is shown.
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Figure 3. Phenotype and photosynthetic performance of ohp2 knock out mutants and WT
plants of different ages. A) Phenotype of two-week-old and six-week-old wild type (WT),
heterozygous (HT) and homozygous (HM) mutant plants grown at a light intensity of 10 μmol m-2
s-1 in a 8 h light/16 h dark cycle at 25°C. B) The image of minimal Chl fluorescence Fo of WT,
HT and HM mutant plants taken 5, 10 and 20 days (d) after germination and grown on solid
culture media in a 12 h light/12 h dark cycle at a light intensity of 10 μmol m-2 s-1 and 18°C.
Picture were taken with an Imaging PAM fluorimeter and displayed with a false color mode (bar
below represents the color to numeric value conversion) and the average detected numeric value
for each plant. C) Momentary fluorescent yield (Ft) graph of a dark-light induction curve of WT
(blue), HT (orange) and HM (red), of plants 20 days after germination grown under the condition
described in B). The yellow bar represents the laps of time (140 sec) in which the actinic light was
applied to plants to drive photosynthesis. D) Maximal efficiency of PSII in the dark-adapted state
(Fv/Fm) of plants 5, 10 and 20 days after germination grown under the condition described in B).
Error bars show SD. WT (n=6), ohp2 knock out mutants (n=5).
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Figure 4. Phenotype of ohp2 knock out and WT plants grown at different light and
temperature regimes. Wild type (WT, upper lane), heterozygous knock out mutant (HT, middle
lane) and homozygous knock out mutant (HM, lower lane) were grown on culture medium for one
month under different light and temperature regimes. A) Plants were cultivated at continuous
normal light (NL, 100 µmol m-2 s-1), low light (LL, 50 µmol m-2 s-1) or very low light ( VLL: 10
µmol m-2 s-1) conditions at 25°C. B), Plants were cultivated in a light/dark (L/D) cycle and
temperatures of 25°C or 18°C. For plants grown at 18°C the light cycle was of 12 h light/12 h
dark, for plants grown at 25°C the light cycle was of 8 h light/16 h dark.
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Figure 5. Photosynthetic performance of ohp2 knock out mutants and WT plants grown at
different light regimes. Wild type (WT, blue lines), heterozygous (HT, yellow lines) and
homozygous (HM, red lines) mutant plants were grown on solid culture medium till the
appearance of the first cotyledon leaf (5 days after germination) in a 12 h light/12 h dark cycle at
low light (LL, 50 μmol m-2 s-1; left) or very low light (VLL, 10 μmol m-2 s-1; right) conditions at
18°C. During the subsequent 5 days whole plants were analyzed by PAM fluorimetry at the
beginning of the light phase. A) Fv/Fm values expressing a maximal efficiency of PSII in the
dark-adapted (5 min) state. B) Quantum yield of PSII expressing photon use efficiency of PSII
after 140 sec in actinic light. Error bars show SD. WT (n=6), ohp2 knock out mutants (n=5).
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Figure 6. Pigment analysis of ohp2 knock out mutants and WT plants of different ages
grown at different light regimes. Wild type (WT), heterozygous (HT) and homozygous (HM)
mutant plants were grown in a 12 h light/12 h dark cycle at 18°C at low light (LL, 50 μmol m-2 s1
) or very low light (VLL, 10 μmol m-2 s-1) conditions prior to extraction and quantification of Chl
a, Chl b and total Car by spectrometry. A) Quantification of pigments extracted from developing
HT and HM mutant plants grown for 15 days. B) Quantification of pigments extracted from
mature HT and HM mutant plants grown for 1 month. The amount of pigments in WT was set as
100% and the pigment content in HT and HM mutant plants was calculated as a percent of the
WT value. For each value 6 independent plants were analyzed in a duplicate. For developing
seedlings 15 to 20 plants were pooled for each sample (error bars represent SD).
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Figure 7. Protein analysis of ohp2 knock out mutants and WT plants grown at different light
regimes. Wild type (WT), heterozygous (HT) and homozygous (HM) mutant plants were grown
for one month in a 8 h light/16 h dark cycle at 25°C at low light (LL, 50 μmol m-2 s-1) or very low
light (VLL, 10 μmol m-2 s-1) conditions prior to immunoblot analysis. A) Immunoblot of PSII core
and antenna proteins, such as the D1 protein from PSII reaction center (D1), the 33 kDa subunit of
the oxygen-evolving complex (PSBO), three major light-harvesting proteins of PSI (LHCB1-3)
and three minor light-harvesting proteins of PSII (LHCB4-6). B) Immunoblot of PSI core and
antenna proteins, such as the B subunit of PSI reaction center (PSAB) and four light-harvesting
proteins of PSI (LHCA1-4). C) Immunoblot of selected ELIP family members, such as ELIP1 and
OHP1. Samples were loaded on an equal protein basis (15-20 μg).
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Figure 8. Protein analysis of ohp2 knock out mutants and WT plants of different ages grown
at different light and temperature conditions. Immunoblot analysis with antibodies against
selected photosynthetic proteins isolated from wild type (WT), heterozygous (HT) and
homozygous (HM) mutant plants. Antibodies against the D1 protein from PSII reaction center
(D1), two selected light-harvesting proteins of PSII (LHCB3 and LHCB4), three selected lightharvesting proteins of PSI (LHCA1-3) and a member from the ELIP family (ELIP1), were used.
As a control an immunoblot of OHP2 is included. A) Plants were grown for 10 days (50 seedlings
were pooled for each sample) in a 12 h light/12 h dark cycle at 18°C at low light (LL, 50 μmol m-2
s-1) or very low light (VLL, 10 μmol m-2 s-1) conditions. B) Plants were grown for 1 (left) or 2
months (right) at VLL conditions at a 8 h light/16 h dark cycle at 25°C. C) Plants were grown for
one month at VLL conditions either at 18°C and at a 12 h light/12 h dark cycle (left) or at 25°C
and at a 8 h light/16 h dark cycle. Samples were loaded on an equal protein basis (15-20 μg).
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CONCLUSIONS (partially modified from Engelken et al., 2011,
Book Chapter)
A NEW EVOLUTIONARY MODEL OF THE EXTENDED LHC PROTEIN SUPERFAMILY
As summarized in Figure 6, we present a new model for the evolution of the extended LHC
protein superfamily. It was inferred using different phylogenetic methods including topology tests
and four-cluster likelihood mapping (Strimmer and von Haeseler, 1997). It is in agreement with
inferences from character evolution analysis based comparative genomics and on the partially new
classification scheme described in Chapter 1 (Engelken et al., submitted). It is incompatible with
the previously postulated and long-standing scenario of a “four-helix common ancestor” of
LHC/ELIP and PSBS (Green and Pichersky, 1994).
After the origin of the characteristic CB motif in cyanobacteria followed by the primary
endosymbiosis (Sagan, 1967; Margulis, 1971), we suggest a stepwise evolution beginning with
the gene transfer of a typical plastid HLIP to the nuclear genome within the common ancestor of
Plantae and the acquisition of a second TM helix yielding a two-helix SEP homolog as suggested
in Chapter 1 (Engelken et al., submitted). Repeated internal gene duplications of different SEPs
and subsequent losses of the last helix produced the early LHC proteins as well as the RedCAPs
in the red lineage and the three-helix ELIPs in the green lineage as discussed in Chapter 2
(Engelken et al., unpublished). Further evidence for their independent evolution based a new
phylogenetic method other than tree topology test and cluster likelihood mapping is available
(data not shown). PSBS evolved independently from a different SEP ancestor in the green lineage
(Engelken et al., submitted). and additional LHC-like protein subfamilies evolved in green algae,
e.g. ELIPs with secondarily derived four helices, (Neilson and Durnford, 2010) and in plants, e.g.
SEP4/ SEP5; (Engelken et al., submitted). Notably, for intermediate steps of our model we find
examples in the expected lineage (Figure 6), so there is no need to postulate the existence of
hypothetical (but missing) intermediate sequences. One possibly missing link are LHC and ELIP
ancestors with a fourth TM helix, but such a helix may have quickly been lost by intron loss, a
stop codon mutation or may never have existed at all due to partial internal duplications.
Alternative scenarios are discussed in Chapter 1 (Engelken et al., submitted). For example and
possibly due to the apparent absence of two-helix proteins in glaucophytes and the red lineage
(Green, 2003) mentioned the possibility that LHCs may have evolved from duplicated HLIP/SCPlike genes with the second helix having arisen by the accumulation of hydrophobic residues. In
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the light of the currently available sequences and the conjectures given above, this possibility
seems now less likely but cannot be fully discarded. The potential influence of convergent
molecular evolution that has only recently been described for Prestin, a protein in sound
locomotion (Li et al., 2010; Liu et al., 2010), turned out to have no influence on our phylogenetic
inferences in the case of the evolution of the three- and four-helix proteins in the extended LHC
protein superfamily as shown in Chapter 2 (Engelken et al., unpublished). The evolution of LHClike proteins in red algae and diverse complex algae with red plastids is described in more detail
in Chapter 3 (Sturm et al., 2010, PhD Thesis ). Taken together, we present our model as a solid
base for future extensions and refinements.

Figure 6: Suggested model for the evolution of the extended LHC protein superfamily
(modified from Engelken et al., submitted and Engelken et al., Book Chapter). Similar to other
models also this model suggests a stepwise evolution from the cyanobacterial HLIP/SCPs to the
central group of SEPs. The monophyletic group of OHP2 sequences could represent intermediates
between nuclear OHP1/HLIP/SCPs and SEPs, or alternatively and more likely, they could be
degenerated SEP sequences with their putative membrane anchors as leftover from the second
SEP helix. Currently, there are not many LHL4 sequences available and their evolutionary
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position remains unclear. A novelty in the model is the postulation of independent origins of
three-helix ELIPs and LHCs and four-helix PSBS proteins. Based on character evolution analysis,
sequence motifs and the evidence for the independent origins of the PSBS and LHC families, it is
proposed that: (i) early LHC proteins arose in the red/green ancestor from a SEP and subsequently
diversified into different antenna proteins in the red (CAA and CAC) and green lineages (CAB),
(ii) PSBS arose early in the green lineage from a different SEP, (iii) ELIPs are neither ancestral to
PSBS nor to LHC, but likely evolved independently from still other SEPs, and (iv) RedCAP
sequences evolved independently in the red algal lineage. Internal gene duplications are marked
by asterisks.
The integration of all major protein families in a single phylogenetic tree is of very limited value
for the inference of deep phylogenetic nodes due to the high complexity of the family, but
nevertheless is shown (Figure 7, Engelken unpublished).

Figure 7. Phylogenetic representation of the extended LHC protein superfamily. Minor
groups, like ferrochelatases II, SEP5 and extreme fast evolving sequences with long-branches,
were omitted. Neighbor Joining analysis with 191 sequences based on 33 aa positions (PAM
matrix, the value alpha of the gamma correction was 1.2). CB families form clusters which
roughly confirm our classification scheme. Note that the non-monophyly of SEP sequences, their
largely basal position to the LHC, PSBS, ELIP and THP families as well as their separate
clustering with them, is in complete agreement with their suggested role as intermediates in the
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evolution of these latter CB families. Due to the short length of the alignment that is in part
responsible for low bootstrap values (data not shown), this analysis has no power to resolve the
deep relationships between CB families.
Abbreviations for species names in alphabetical order: Ace, Acetabularia acetabulum; Ana, Anabena
sp. PCC 7120; Ath, Arabidopsis thaliana; Bigo, Bigelowiella natans; Cme, Cyanidioschyzon merolae;
Cpa, Cyanophora paradoxa; Cre, Chlamydomonas reinhardtii; Cyclo, Cyclotella cryptica; Dunba,
Dunaliella bardawil; Eug, Euglena variabilis; Glo, Gloeobacter violaceus PCC 7421; Gno, Glaucocystis
nostochinearum; Goss, Gossypium mexicanum; Grif, Griffithsia japonica; Gsu, Galdieria sulphuraria;
Guil, Guillardia theta; Isoc, Isochrysis galbana; Lam, Laminaria saccharina; Lyco, Lycopersium
esculentum; Mant, Mantoniella squamata; Meso, Mesostigma viride; Nico, Nicotiana benthamiana; Odon,
Odontella cryptica; Olu, Ostreococcus lucimarinus; Osa, Oryza sativa japonica; Ota, Ostreococcus tauri;
Pavl, Pavlova lutheri; Plan, Plantago major; Pop, Populus trichocarpa; Porp, Porphyra cruentum; Ppa,
Physcomitrella patens; Ppur, Porphyra purpurea; Ptr, Phaeodactylum tricornutum; Pyez, Porphyra
yezoensis; Rhod, Rhodomonas sp.; Selep, Selaginella lepidophylla; Selm, Selaginella moellendorffi; Spin,
Spinacea oleacea; Syn, Synechocystis sp. PCC 6803; Tps, Thalassiosira pseudonana; Vca, Volvox carteri;
Zea, Zea mays.

EVOLUTIONARY DYNAMICS AND ADAPTIVE PROCESSES
Despite the old evolutionary age of many families within the extended LHC protein superfamily,
recent findings favor the view of superfamily as being a highly dynamic and quickly adapting,
having evolved a large array of different functions in photosynthesis along the way. For example,
certain marine cyanophages are known to exchange HLIP/SCP genes with their cyanobacterial
hosts and these additional HLIP/SCP copies possibly enable them to maintain photosynthetic
activity during infection (Lindell et al., 2004). In the long term this has triggered co-evolutionary
process between host and viral genomes (Lindell et al., 2007).
New protein families and subfamilies including three- and four-helix proteins have
evolved repeatedly from a diverse pool of two-helix SEPs as discussed in Chapter 2 (Engelken et
al., submitted). These families and superfamilies have undergone significant expansions in
different lineages, for example the LHC and LHC-like families in Physcomitrella, possibly as an
adaptation of photoprotection (Rensing et al., 2008). Other examples include the suggested
correlation of the number of HLIP genes in Prochlorococcus strains with light tolerance (Bhaya
et al., 2002). Likewise interestingly, (Neilson and Durnford, 2010) point out two examples with
respect to the number of LHC-like genes in (i) HL- versus LL-adapted Ostreococcus species, and
in (ii) free-living versus symbiontic Chlorella species. This study identified LHC-like sequences
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from a broad range of organisms including several two-helix sequences from glaucophytes, but
misses important sequences like red algal SEPs, the SEP4 and SEP5 subfamilies from land plants
as well as the entire REdCAP family (Neilson and Durnford, 2010). They thoroughly described
the remaining LHC-like sequences in a taxonomic framework, but seem to fall short of
developing a strong classification system or a new evolutionary model for the superfamily based
on systematic helix comparisons.
With respect to the ELIPs, there seems to be a trend in a copy number going from low in
red algae to moderate in green algae, high in the moss P. patens and in the moss fern S.
moellendorffi (not shown) and again to low in higher plants, as described in Supplemental Data of
Chapter 1 (Engelken et al., submitted). This elevated copy number of ELIP sequences in
organisms that are threatened by desiccation and simultaneous light stress, might convincingly
support the proposed role of ELIP in stress responses (Adamska et al., 1992; Adamska and
Kloppstech, 1994; Zeng et al., 2002). Speculating about these findings one may suspect that the
evolution of the ELIP family might be related to the transition of life from water to land.
Interestingly, the copy number of ELIP family members is the highest in temporarily (green
algae) or often (moss) desiccation-exposed organisms.
Susumu Ohno recognized the importance of gene duplications as raw material for
evolution, when he postulated that natural selection merely modified while redundancy created
(Ohno, 1970; Meyer and Van de Peer, 2003). Interestingly this seems not only true for gene
duplications, but also for internal gene duplications leading to new protein architectures (as in the
SEP-LHC duplications), as well as for whole genome duplications, that are common in plants
through paleopolyploidy (Cui et al., 2006).
Genes from expanded gene families sometimes are located in clusters of tandemly arrayed
genes and they can be highly similar. Therefore, the correct annotation of these clusters is
challenging and depending on the quality of the genome assembly and it is not straightforward to
infer the correct number of extended LHC superfamily members in some cases. In addition, it is
well known (for example from the human genome) that the number of gene copies can vary not
only between species but also between populations and individuals (Jakobsson et al., 2008), which
further complicates the interpretation of such gene family expansions. Interestingly, such
differences in the gene supplement can be adaptive, for example through gene dosage effects.
These examples display the dynamic nature of the extended LHC protein superfamily, which
ultimately helps species and populations to adapt to different and changing environments.
Whether the large number of SEPs was an evolutionary adaptation of the moss Physcomitrella to
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strong fluctuations in light and water supply in its semi-aquatic environment would be one of
many interesting questions in this context. In extension, possible differences in ELIP gene copy
number between different Physcomitrella populations around the world could be investigated with
regard to expression levels of ELIP genes/proteins and with regard to photoprotection in different
environments.

WHY IS THIS WORK IMPORTANT ?
An important scientific goal is to understand the role of photoprotection in photosynthesis. A
subordinate goal is to understand functions of proteins of the extended LHC superfamily:
Thinking about these questions in evolutionary terms often creates new hypotheses that can be
followed up functionally. For example, if we could find out which protein family is ancestral to
other protein families, we may compare their functions and detect functional properties that may
have gone undetected. The goal certainly is to reach something more detailed than the very
general view that the main functions of early LHC-like proteins were related to photoprotection
(Jansson, 2006). On the other hand, it is a formidable methodological challenge to reconstruct the
evolution of this complex protein family. The low number of conserved amino acid positions and
the old age of this family require rigorous application and in some cases, the development of
suitable phylogenetic methods. Last but not least, understanding the evolutionary history of
photosynthesis has a value by itself. By exploring the path from different cyanobacteria and algae
to mosses and land plants and from mono- to multicellularity, we become observers of major
biological transitions that have affected our planet in the past.
FUNCTIONAL IMPLICATIONS AND OUTLOOK
Interestingly, evolutionary model and detailed phylogenetic analyses of individual LHC-like
protein families (Chapters 1-5) are compatible with recent findings related to the functions of the
different CB protein families. For example, the found apparent ubiquitous distribution of HLIP/
OHP1 and OHP2 underline the potential essentiality of these proteins, which were found to
severely affect the fitness of Arabidopsis when knocked out, as described in Chapter 4 and 5
(Roja-Stütz, 2008, PhD Thesis; Beck et al., unpublished). Concerning the evolution of PSBS, the
identification of numerous LHC-like genes in the red lineage with interesting mRNA expression
patterns as described in Chapter 3 (Sturm et al., 2010, PhD Thesis ) possibly can help resolve the
enigma, why these algae lack PSBS but posses photoprotective mechanisms like NPQ.
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In the near future, many more genomes of photosynthetic organisms will become available and
new sequencing technologies will also speed up transcriptome analysis of non-model plants,
which will result in quickly increasing amounts of available CB sequences. Unfortunately, many
evolutionary interesting organisms, e.g., the red algae and the glaucophytes, are so far
underrepresented in detailed analysis, although the genome projects of the glaucophyte C.
paradoxa and the red algae P. purpurea are important exceptions. This development and
additional sequencing will further simplify valuable inferences from comparative genomics.
On the other hand, population-genetic studies and genotype-phenotype association studies
based on genome-wide sets of markers are becoming increasingly feasible, e.g., in Arabidopsis
(Atwell et al.; Weigel and Nordborg, 2005; Borevitz et al., 2007; Nordborg and Weigel, 2008).
Together with phenotypic data, both from the greenhouse as well as from field studies, this could
provide interesting insights into recent evolution and adaptive events of plants and algae to
different abiotic environments. The ongoing 1001 genomes project in Arabidopsis (Weigel and
Mott, 2009) most likely will make strong contributions to our understanding of these processes.
Still another aspect would be the physiological acclimation of plants and algae to daily and
seasonal differences in their environments. For example, gene expression studies of ELIP and
PSBS proteins and other molecular phenotypes have highlighted mechanisms of acclimation to
HL in an alpine evergreen during winter (Zarter et al., 2006; Zarter et al., 2006; Zarter et al.,
2006). Apart from these important and very basic questions, research on LHC-like proteins could
also provide insights into economically important issues, like stress responses of commercial crop
species and varieties to drought, extreme temperatures and light stress.

Figure 8 : Illustration of a SEP homodimer, modified from (Engelken et al., unpublished)
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Clearly, at the moment there is a lack of in-depth functional studies of LHC-like proteins apart
from LHC or PSBS. This is especially apparent in the light of the broad taxonomic distribution of
the OHP1/HLIP/SCPs, as well as the SEPs and OHP2. Biochemical, genetic, structural (Figure 8)
and physiological approaches are needed to elucidate their functions in the photosynthetic
machinery. The examples of the ohp1 and ohp2 knockout mutants (Chapter 4 and 5 of this thesis)
clearly show the potential of such approaches by discovering a fundamental role in
photoprotection for these two proteins. I am not aware of any protein of the extended LHC
superfamily, whose deletion or downregulation would have led to such an extreme phenotype,
neither of PSBS (Li et al., 2000; Peterson, 2005), nor of both ELIPs in Arabidopsis (Rossini et
al., 2006) or of LHCII (Ruban et al., 2003). I am convinced that for OHP1, OHP2 and other LHClike proteins, like the SEPs, there are important functions for photosynthesis waiting to be
discovered, maybe to a stronger extent than in the well-studied LHC and PSBS proteins. On the
molecular level, this could include the interactions with other proteins or the binding of
carotenoids and chlorophylls to certain conserved amino acid positions. In Chapter 1 (Figure 1),
the highlighted amino acid positions in the sequence logoplots would make good starting points
for such a study. On the physiological level, this might include functions in dissipation of excess
energy or the buffering of free chlorophylls through transient binding. On the ecological level,
ELIPs and PSBS for example, have a role in cold acclimation (Zarter et al., 2006) . In
evolutionary terms, through adaptational processes on these different functional levels, plants gain
the capability to adapt to new ecological niches. As a more applied example, in agriculture,
breeders select for certain desired traits, for example a favourable stress responses of crops to salt
stress, light stress and nutrional deficiencies.

In conclusion, the extended LHC protein superfamily is an exciting example of protein
evolution, showing how a simple and short transmembrane alpha-helix with a CB motif can
diversify into numerous families and subfamilies of proteins with increasing complexity and how
it hereby can acquire an impressive array of important functions.
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Chapter 1:

Supplemental Figures

Taxonomic distribution and origins of the extended LHC (light-harvesting complex) antenna protein
superfamily. Johannes Engelken, Henner Brinkmann and Iwona Adamska. (Manuscript in second
revision at BMC Evolutionary Biology).

Figure S1
Alignment of conserved sequence motifs within eight representative members from the extended LHC
protein superfamily. Accession numbers are listed in Table S1 in Additional data file 1 except RedCAP
from Griffithsia japonica (Uniprot Q7XZ09). Identical amino acids are shown on a black and similar amino
acids on a grey background.

Figure S2
Alternative Origin of LHC and PSBS that is not supported by phylogenetic analysis. (A) The often
favored, long-standing evolutionary scenario according to [14]. A two-helix progenitor gave rise to a PSBSlike four-helix common ancestor that evolved into modern three-helix LHC and ELIP sequences. (B)
Alternative tree corresponding to this scenario.
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Figure S3
Phylogenetic analysis of the first and third helices of LHC and PSBS in the presence of representative
SEP. A Maximum Likelihood Tree which corresponds to Figure 4B was inferred by PhyML using a
189

WAG+Г4 model based on 82 sequences and 31 amino acid positions. Bootstrap values (100 replicates) were
calculated both with (upper value) and without gamma (lower value) correction. For clarity, values below 40
and those of distal nodes were omitted. In a topology test this topology (above and Figure 4) was tested
against the alternative topology shown in Supplemental Figure S2B in Additional data file 1 and was
preferred with high significance (see main text).

Figure S4
Additional four-cluster likelihood mapping analyses of individual CB motifs in LHC and PSBS
similar to the analysis in Figure 4A. (A) Reduced dataset with the fast-evolving (long-branch)
Ostreococcus tauri PSBS and the PSBS-like sequences from V. carteri and C. reinhardtii, as well as the
divergent LHCz and FCP sequences removed. The percentage of unresolved quartets strongly decreased and
the support for the clustering of helices I and III was improved. The topology with LHC helix I as sister
group to LHC helix III is strongly supported with 99.8% over the one expected under a common origin with
0.2% in the three-partite diagram (or 97.7% over 0.0% in the seven-partite diagram). (B) Original dataset
(120 CB helices) including fast-evolving sequences with three known functional amino acid positions
(glutamate E+0, histidine/asparagines H/N+3 and arginine R+5) removed. The result is similar to the
original analysis (Figure 4A) with the topology with LHC helix I as sister group to LHC helix III being
strongly supported with 89.3% over the one expected under a common origin with 5.0% in the three-partite
diagram (or 78,3% over 0.9% in the seven-partite diagram).
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Figure S5
Alignment of LHC and SEP sequences. Conserved carotenoid-binding motifs (orange box, “FDPLGL” or
similar) and CB motifs (green box) before first (I) and third (III) helices in two members of different LHC
subfamilies, FCPa from the diatom P. tricornutum [accession Q08584] and Li818 from the green algae C.
reinhardtii [accession Q03965]. Three typical SEPs from glaucophytes were added, one of them (SEPx.4)
with a possible partial carotenoid-binding motif. Identical amino acids are surrounded by a black box,
similar amino acids by a grey box. Note that this is only one of several (including stronger) indications that
LHCs likely have evolved from SEPs.
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- 894829 )

Cyanophora paradoxa
NCBI TPA

Synechocystis sp. PCC 6803
Cyanobase (Kazusa)

Scp-D

HLIP D

FerrochelataseII

ssr1789

slr0839

OHP1-like

OHP2

OHP1-like1

OHP1-like2

OHP2

BK006744

BK006745

BK006746

Lil6

OHP1-like

HLIP

HLIP

FerrochelataseII

HLIP

HLIP

P48367 (Uniprot)

ycf17

Scp-C

HLIP C

ssl1633

HLIP

HLIP

FerrochelataseII

alr3751

Scp-A

FerrochelataseII

HLIP8

asl0449

Scp-B

HLIP

HLIP7

asl3726

HLIP B

HLIP

HLIP6

HLIP A

HLIP

HLIP

HLIP5

asr3042

asr3043

ssl2542

HLIP

HLIP4

asr5262

ssr2595

HLIP

HLIP

HLIP2

HLIP3

asl0514

asl2354

HLIP

HLIP

HLIP4

gsl0199

HLIP1

HLIP

HLIP3

gsl2056

asl0873

HLIP

HLIP2

gsl1443

Anabena sp. PCC 7120
Cyanobase (Kazusa)

HLIP

proposed name alternative name classified as

HLIP1

model

gsr2714

organism with database

Gloeobacter violaceus PCC 7421
Cyanobase (Kazusa)

1

1

1

1

2

1

1

1

1

2

1

1

1

1

1

1

1

1

2

1

1

1

1

1

1

HLIPa
3,40E-28
95,4
HLIPa
2,30E-28
96
HLIPb
7,00E-41
137,6
HLIPb
1,60E-15
53,3
HLIPb
3,70E-16
55,4
HLIPb
2,70E-40
135,6
LHC
0,87
-39,1
HLIPb
9,30E-41
137,1
HLIPa
1,90E-26
89,6
HLIPa
1,70E-28
96,5
HLIPb
4,10E-37
125,1
HLIPb
1,50E-40
136,5
HLIPb
7,60E-41
137,4
HLIPa
7,50E-28
94,3
HLIPa
8,70E-22
74,1
HLIPa
2,20E-21
72,8
HLIPa
2,00E-27
92,9
HLIPa
3,50E-27
92,1
HLIPa
6,30E-29
97,9
HLIPa
7,00E-29
97,7
HLIPa
2,00E-20
69,6
HLIPa
2,70E-28
95,8
HLIPa
3,00E-15
52,4
HLIPa
2,90E-16
55,8
OHP2
SEP
1,60E-12
43,4
SEP
2,20E-18
62,8
HLIPa
1,90E-14
49,7
HLIPa
2,40E-07
16,9
HLIPa
2,00E-06
9,9
HLIPa
6,40E-13
44,7
SEP4
0,94
-31,2
HLIPa
1,90E-11
39,8
SEP
8,00E-14
47,7
OHP1
3,00E-14
49,1
HLIPa
3,00E-31
105,6
HLIPa
1,40E-12
43,6
HLIPa
8,70E-13
44,2
HLIPb
1,70E-17
59,8
HLIPb
8,30E-11
37,7
HLIPb
4,50E-13
45,2
SEP
1,60E-11
40
SEP
1,00E-10
37,3
SEP
5,80E-12
41,5
SEP
1,80E-11
39,9
HLIPb
1,80E-14
49,9
HLIPb
2,40E-14
49,4
SEP
1,80E-10
36,5
SEP
2,00E-11
39,7
SEP

LHL4
4,90E-10
35,1
HLIPb
3,90E-13
45,4
SEP
4,60E-11
38,5
RedCAP
0,00011
-9,4
OHP2
0,00013
-12,2
SEP
6,10E-08
28,1
SEP5
4,3
-33,2
LHL4
6,30E-07
15,9
HLIPb
6,70E-10
34,6
SEP
2,80E-11
39,2
SEP
2,20E-14
49,5
LHL4
2,40E-07
19
SEP
7,40E-08
27,9
SEP
1,10E-11
40,6
SEP
1,70E-06
20,5
FerroII
7,70E-13
44,4
SEPxMoss
4,10E-09
32
SEPxMoss
5,00E-08
28,4
LHL4
1,20E-10
37,1
SEPxGlauco
2,30E-09
32,9
FerroII
1,20E-10
37,1
SEP
1,40E-11
40,3
SEPxGlauco
1,00E-08
30,7
SEPxGlauco
3,80E-08
28,8
HLIPa

# TM helices 1st HMM*** 2nd HMM 3rd HMM
Syn_HLIPD_
Ana_HLIP3_
2,00E-12
2,00E-12
58,2
58,2
Ana_HLIP3_
Syn_HLIPC_
9,00E-14
4,00E-13
62,8
60,5
Ana_HLIP5_
Ana_HLIP6_
2,00E-22
2,00E-22
91,7
91,3
Glo_HLIP5_
Ana_HLIP5_
7,00E-22
2,00E-12
89,7
58,2
Ana_HLIP5_
Glo_HLIP4_
7,00E-22
6,00E-12
89,7
56,6
Ana_HLIP6_
Ana_HLIP5_
3,00E-20
1,00E-19
84,3
82
Ana_Ferro_
Syn_Ferro_
5,00E-123
8,00E-121
428
421
Ana_HLIP6_
Ana_HLIP5_
1,00E-24
1,00E-24
99
99
Syn_HLIPB_
Syn_HLIPA_
6,00E-17
1,00E-16
73,2
72
Glo_HLIP2_
Syn_HLIPD_
3,00E-21
9,00E-14
87,4
62,8
Ana_HLIP7_
Cpa_HLIP1_
8,00E-18
2,00E-16
76,3
71,6
Ana_HLIP6_
Ana_HLIP1_
7,00E-33
1,00E-24
126
99
Ana_HLIP5_
Ana_HLIP1_
7,00E-33
1,00E-24
126
99
Ana_HLIP4_
Ana_HLIP8_
8,00E-18
5,00E-15
76,3
67
Ana_HLIP4_
Ana_HLIP7_
2,00E-15
5,00E-15
68,2
67
Ppa_FerrII
Syn_Ferro_
7,00E-172
8,00E-133
591
461
Syn_HLIPB_
Ana_HLIP2_
2,00E-34
1,00E-16
131
72
Ana_HLIP2_
Syn_HLIPA_
2,00E-34
7,00E-17
131
73,2
Gsu_HLIP__
Cpa_HLIP1_
4,00E-14
2,00E-13
63,9
61,6
Ana_HLIP3_
Glo_HLIP2_
3,00E-21
6,00E-13
87,4
60,1
Ana_Ferro_
Ath_FerrII
7,00E-172
2,00E-128
591
446
Ana_HLIP4_
Gsu_HLIP__
6,00E-20
2,00E-16
83,2
71,6
Cpa_OHP1-like2Gno_SEPx3_
1,00E-49
2,00E-09
183
49,7
Cpa_OHP1-like1Syn_HLIPC_
2,00E-49
8,00E-08
183
44,7
Gsu_OHP2__ Tps_OHP2__
Glo_HLIP2_
3,00E-12
57,8
Syn_HLIPD_
6,00E-13
60,1
Ana_HLIP1_
4,00E-21
87
Ana_HLIP6_
6,00E-12
56,6
Glo_HLIP3_
8,00E-12
56,2
Ana_HLIP1_
4,00E-19
80,5
Ppa_FerrII
8,00E-113
394
Glo_HLIP3_
4,00E-21
87
Glo_HLIP2_
9,00E-11
52,8
Glo_HLIP1_
2,00E-12
58,2
Gsu_HLIP__
7,00E-16
69,7
Glo_HLIP3_
2,00E-22
91,7
Glo_HLIP3_
2,00E-22
91,3
Syn_HLIPC_
4,00E-13
60,5
Syn_HLIPC_
4,00E-11
53,9
Ath_FerrII
6,00E-130
451
Syn_HLIPD_
3,00E-09
47,8
Syn_HLIPD_
5,00E-09
47
Ana_HLIP4_
3,00E-13
60,8
Glo_HLIP1_
2,00E-12
58,2
Cre_FerroI
1,00E-127
444
Syn_Ferro_
4,00E-14
63,9
Gno_SEPx6_
6,00E-08
45,1
Ath_FerrII
1,00E-07
44,3
Pta_OHP2__

Syn_HLIPC_
1,00E-09
48,9
Cme_HLIP__
1,00E-12
59,3
Glo_HLIP6_
4,00E-19
80,5
Ana_HLIP1_
4,00E-11
53,9
Ana_HLIP6_
2,00E-11
55,1
Glo_HLIP3_
4,00E-19
80,5
Cre_FerroI
1,00E-112
394
Glo_HLIP6_
4,00E-19
80,5
Ana_HLIP4_
8,00E-10
49,7
Gno_SEPx.5_
1,00E-09
49,3
Ana_HLIP8_
2,00E-15
68,2
Glo_HLIP6_
1,00E-19
82
Glo_HLIP6_
3,00E-20
84,3
Cpa_HLIP1_
1,00E-12
58,9
Cpa_HLIP1_
1,00E-10
52,4
Cre_FerroI
7,00E-129
448
Glo_HLIP2_
3,00E-09
47,8
Ana_HLIP3_
9,00E-09
46,2
Ana_HLIP7_
4,00E-13
60,5
Gno_SEPx.5_
2,00E-09
48,5
Ppa_FerrII
2,00E-126
440
Cme_HLIP__
9,00E-14
62,8
Ana_HLIP4_
1,00E-07
44,3
Ppa_FerrII
1,00E-07
44,3
Olu_OHP2__
complete CDS

5' end partial but TP predicted

5' end partial but TP predicted

complete CDS

Ferrochelatase II with CB motif

Ferrochelatase II with CB motif

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

HLIP named as in Lindell et al. (2004)

Ferrochelatases with correct stop codon but no CB motif
5´end partial

HLIP numbers newly assigned

HLIP numbers newly assigned; possible deletion in TM helix

HLIP numbers newly assigned; possible deletion in TM helix

HLIP numbers newly assigned

HLIP numbers newly assigned

HLIP numbers newly assigned

1st BlastP 2nd BlastP 3rd BlastP 4th BlastP comment on gene model

* Putative membrane anchor in OHP2
** Chlorophyll binding (CB) motifs additionally predicted as TM helix
*** List of HMM profiles see below
****For these ELIP or other sequences, additional highly similar copies may exist (e.g. tandem duplicates in Physcomitrella)

Note on alternative names: The Lil names (light-harvesting like) for parts of the non-LHC proteins in Arabidopsis thaliana have been introduced by Jansson (1999)
and extended by (Klimmek et al., 2006; Rensing et al., 2008; Alboresi et al., 2008) and others.
Corresponding names are: ELIP (Lil1), OHP1 (Lil2), SEP3 (Lil3), SEP1 (Lil4), SEP2 (Lil5), OHP2 (Lil6) and SEPx from Physcomitrella patens (Lil7).
The Lhl names for parts of the non-LHC sequences in Chlamydomonas rheinhardtii have been introduced by (Teramoto et al., 2004).
(Funk and Vermaas, 1999) used the name Scp (small CAB-like proteins) for the HLIPs in Synechocystis sp. PCC 6803.
For references see below.

Note: Results for HMM and BlastP are given both as e-value and bit score.

Table S1: Non-LHC sequences of the extended LHC protein superfamily in 15 photosynthetic organisms

name in BlastP results

Cpa_OHP2__

Cpa_OHP1-like2

Cpa_OHP1-like1

Cpa_HLIP1_

Syn_Ferro_

Syn_HLIPD_

Syn_HLIPC_

Syn_HLIPB_

Syn_HLIPA_

Ana_Ferro_

Ana_HLIP8_

Ana_HLIP7_

Ana_HLIP6_

Ana_HLIP5_

Ana_HLIP4_

Ana_HLIP3_

Ana_HLIP2_

Ana_HLIP1_

Glo_FerrII

Glo_HLIP6_

Glo_HLIP5_

Glo_HLIP4_

Glo_HLIP3_

Glo_HLIP2_

Glo_HLIP1_

193

Chlamydomonas reinhardtii
JGI Chlre 4.0

Thalassiosira pseudonana
JGI Thapsi3

Phaeodactylum tricornutum
JGI Phaeo2

Cyanidioschyzon merolae
http://merolae.biol.s.u-tokyo.ac.jp

Galdieria sulphuraria
Built 3 Aug 2007
http://genomics.msu.edu/galdieria/

Glaucocystis nostochinearum
NCBI TPA

SEP

SEP

FerrochelataseII

SEPx.5

SEPx.6

FerrochelataseII

BK006753

BK006754

from EST EC118146

FerrochelataseII

3

RedCAP

FerrochelataseII

RedCAP

FerrochelataseII

Phatr2:17326

Phatr2:45357

Lil6

Lil5

Lil3, Lhl3

Lil1, Lhl1

OHP2

SEP2

SEP3

ELIP1

Chlre4:187308

Chlre4:184228

Chlre4:185309

Chlre4:183986

ELIP

SEP

SEP

OHP2

OHP1

FerrochelataseII

FerrochelataseII

Thaps3:21006

Lil2, Lhl2

RedCAP

RedCAP

Thaps3:270215

OHP1

3

SEP

SEPx

Thaps3:270212

Chlre4:133963

2

OHP2

3**

2

2

1

1

2

1

OHP1-like

OHP1-like

OHP2

Thaps3:270237

1

2

Thaps3:270213

Lil6

2

SEP

SEPx

Phatr2:56446

1

OHP2

1 (2*)

OHP1-like

OHP1-like2

OHP2

Phatr2:33932

1

1

1 (2*)

1

1

3

1

2

1 (2*)

1

1

2

2

2

2

2

2

2

2

2

Phatr2:55112

OHP1-like

Lil6

HLIP

OHP2

OHP1-like1

Ferrochelatase II

CMS035C

Lil6

Phatr2:53712

OHP2

CMP191C

ycf17

Ferrochelatase II

Ferrochelatase II

Gs58560.1

HLIP

RedCAP

RedCAP

Gs47790.1

CMV110C

OHP1-like

OHP1-like

Gs25280.1

OHP2

SEP

OHP2

SEPx

Gs06110.2

Gs28440.1

Lil6

SEP

SEPx.4

BK006752

HLIP

SEP

SEPx.3

BK006751

ycf17

SEP

SEPx.2

BK006750

stig_35:42202..42401 HLIP

SEP

SEPx.1

BK006749

FerrochelataseII

SEP

SEPx.2

BK006748

from EST EC660148 + FerrochelataseII

SEP

SEPx.1

BK006747

9,80E-35
117,1
SEP
1,60E-18
63,3
SEPxGlauco
2,00E-36
122,7
HLIPa
5,90E-10
34,8
SEP
1,20E-19
67
SEPxGlauco
1,00E-36
123,7
SEPxGlauco
4,40E-37
125
SEPxGlauco
1,70E-38
129,6
SEPxGlauco
1,10E-35
120,3
SEPxGlauco
4,00E-35
118,5
HLIPa
3,30E-07
15,8
HLIPa
1,10E-31
107
OHP2
1,10E-38
130,3
SEP
2,20E-21
72,8
HLIPa
6,70E-11
38
RedCAP
3,60E-46
155,1
SEPxMoss
1,2
-17,8
HLIPa
3,80E-23
78,7
OHP2
1,10E-38
130,3
SEPxMoss
2
-19,6
ELIP
1,30E-06
18,1
FerroII
0,00019
-3,1
OHP2
4,70E-38
128,2
HLIPa
8,90E-08
20,1
RedCAP
1,40E-47
159,9
SEP
5,30E-05
7,5
SEP
9,40E-06
14
OHP2
2,20E-39
132,6
SEP
8,90E-09
30,9
RedCAP
1,60E-47
159,6
SEP
2,70E-08
29,3
OHP1
9,80E-36
120,5
OHP2
7,30E-28
94,3
SEP12
4,90E-27
91,6
SEP3
4,80E-37
124,8
ELIP
1,00E-25
2,00E-09
33,1
HLIPa
2,80E-13
45,8
SEP
5,50E-24
81,4
OHP1
8,80E-06
10,5
HLIPa
6,80E-13
44,6
SEP
1,30E-24
83,5
SEP
2,10E-21
72,9
SEP
1,40E-22
76,7
SEP
4,40E-23
78,4
SEP
7,50E-22
74,4
HLIPb
4,00E-05
9,1
HLIPb
4,30E-17
58,5
SEPxGlauco
1,80E-12
43,2
ELIP
5,00E-09
31,7
SEP
5,00E-09
31,7
HLIPa
2,00E-15
53
LHC
1,6
-41,2
SEP
6,20E-12
41,4
SEP
4,40E-10
35,2
SEP
2,1
-32,9
SEP
3,00E-06
18,4
SEP
0,0002
2,4
SEP
2,60E-10
36
SEPxGlauco
2,00E-06
12,8
HLIPa
4,70E-11
38,5
SEPxGlauco
6,50E-05
-1,3
SEP12
4,00E-05
1,7
SEPxGlauco
1,40E-07
23,7
HLIPa
1,80E-08
25,5
HLIPb
2,30E-09
32,9
HLIPa
1,80E-07
17,9
HLIPa
1,50E-15
53,4
SEP
1,60E-07
26,8
SEP
5,30E-18
61,6
SEP
2,00E-24
82,9
HLIPa
3,40E-08

8,40E-08
20,3
HLIPb
4,70E-07
23,9
HLIPa
8,90E-12
40,9
OHP2
1,60E-05
-5,1
FerroII
1,50E-07
24,2
HLIPa
4,30E-13
45,3
ELIP
3,70E-15
52,1
HLIPa
1,40E-12
43,6
OHP2
4,50E-15
51,8
ELIP
2,50E-11
39,4
FerroII
4,50E-05
2,5
SEP
1,30E-12
43,6
HLIPa
3,20E-11
39
HLIPa
1,20E-08
26,8
LHL4
1,60E-07
20,2
HLIPb
2,90E-11
39,2
ELIP
3,2
-36,9
SEPxGlauco
5,80E-09
31,5
SEPxGlauco
9,20E-10
34,2
SEP3
2,8
-18,2
SEPxGlauco
4,60E-06
9,4
ELIP
0,00069
-5,2
SEPxGlauco
2,70E-10
36
RieskeCB
3,10E-06
18,6
HLIPb
4,20E-07
24,2
ELIP
6,50E-05
3,5
LHL4
6,20E-05
1,5
SEP
5,20E-07
25
SEPxGlauco
2,00E-07
22,1
HLIPa
4,00E-08
22,8
SEP12
7,40E-06
7,4
SEP
2,30E-10
36,2
HLIPa
6,60E-06
5,9
SEPxMoss
1,90E-06
23,2
HLIPa
1,00E-07
19,7
SEP
2,70E-06

8,00E-12
1,00E-09
7,00E-09
58,5
51,6
48,9
Cpa_OHP1-like1
Gno_SEPx.1_ Glo_HLIP2_
2,00E-20
2,00E-08
6,00E-07
87
46,6
42
Gno_SEPx.5_
Gno_SEPx.2_ Gno_SEPx.6_
1,00E-24
2,00E-15
6,00E-12
100
70,1
58,5
Ana_Ferro_
Syn_Ferro_
Osa_FerrII
9,00E-102
4,00E-100
2,00E-92
357
352
327
Ath_FerrII
Cpa_SEPx.1_ Osa_FerrII
2,00E-20
1,00E-08
1,00E-08
87
47,8
47,8
Gno_SEPx.5_
Cpa_SEPx.2_ Gno_SEPx.6_
1,00E-24
3,00E-17
2,00E-11
100
76,3
57
Cpa_OHP1-like1
Gno_SEPx4_ Cpa_SEPx2_
3,00E-13
1,00E-11
3,00E-09
63,2
57,4
49,7
Cpa_SEPx.2_
Gno_SEPx.3_ Gno_SEPx.6_
1,00E-13
2,00E-11
3,00E-11
63,2
56,2
55,5
Gno_SEPx.2_
Gno_SEPx.6_ Cpa_SEPx.2_
4,00E-20
6,00E-12
2,00E-11
85,5
58,5
57
Gno_SEPx.5_ Gno_SEPx.2_
Cpa_SEPx.2_
5,00E-20
3,00E-17
2,00E-15
85,5
76,3
70,1
Cpa_FerrII
Cre_FerroI
Ana_Ferro_
4,00E-26
2,00E-12
3,00E-12
104
58,5
58,2
Ana_HLIP4_
Syn_HLIPC_
Cpa_HLIP1_
6,00E-20
7,00E-16
4,00E-14
83,2
69,7
63,9
Cme_OHP2__ Ptr_OHP2__
Tps_OHP2__
2,00E-17
9,00E-17
4,00E-15
76,6
74,7
69,3
Cpa_SEPx.2_
Gno_SEPx.5_ Gno_SEPx.6_
5,00E-09
2,00E-07
3,00E-07
48,1
43,1
42,4
Ana_HLIP2_
Glo_HLIP2_
Ana_HLIP4_
3,00E-08
9,00E-07
3,00E-06
45,8
40,8
38,9
Tps_RedCAP__ Ptr_RedCAP___ Ppa_PSBS__
3,00E-46
3,00E-42
2,00E-09
172
159
50,8
Cme_FerrII
Ath_FerrII
Syn_Ferro_
9,00E-126
7,00E-40
3,00E-39
438
152
150
Cpa_HLIP1_
Gsu_HLIP__
Glo_HLIP2_
9,00E-14
6,00E-13
1,00E-12
62,8
60,1
59,3
Ptr_OHP2__
Tps_OHP2__
Gsu_OHP2__
5,00E-21
4,00E-20
3,00E-17
89
85,9
76,6
Gsu_FerrII
Syn_Ferro_
Ath_FerrII
8,00E-126
1,00E-43
6,00E-36
438
165
139
Tps_OHP1-like
Gno_SEPx.3_ Cre_ELIP6_
1,00E-05
7,00E-05
7,00E-05
37
34,3
34,3
Tps_OHP1-like Ath_SEP3,2
Ath_SEP3,1
7,00E-09
0,004
0,004
48,5
29,3
29,3
Gsu_OHP2__
Tps_OHP2__ Cme_OHP2__
4,00E-46
4,00E-21
8,00E-17
172
89
74,7
Gsu_HLIP__
Cre_PsbSlk
Tps_SEP___
5,00E-30
4,00E-07
7,00E-07
118
42
41,2
Tps_RedCAP__ Gsu_RedCAP__GOsa_ELIP2_
1,00E-72
3,00E-42
2,00E-05
260
159
37,7
Tps_FerrII
Ath_FerrII
Cre_FerroI
7,00E-132
4,00E-112
1,00E-111
458
393
391
Ptr_OHP1-like2 Ptr_OHP1-like1 Osa_FerrII
7,00E-09
1,00E-04
3,00E-04
48,5
34,3
33,1
Ptr_OHP2__
Cme_OHP2__
Gsu_OHP2__
4,00E-46
4,00E-20
4,00E-15
172
85,9
69,3
Ptr_SEP___
Cpa_SEPx2_
Ana_Ferro_
5,00E-30
7,00E-08
1,00E-07
118
44,7
43,9
Ptr_RedCAP___Gsu_RedCAP__GAna_HLIP4_
1,00E-72
3,00E-46
7,00E-06
260
172
38,9
Ptr_FerrII
Ppa_FerrII
Ath_FerrII
5,00E-132
6,00E-84
2,00E-80
458
298
287
Ppa_OHP1,2
Osa_OHP1,2
Olu_OHP1__
1,00E-16
6,00E-16
1,00E-14
73,2
70,9
66,2
Olu_OHP2__
Ppa_OHP2__ Pta_OHP2__
2,00E-22
9,00E-22
8,00E-21
91,3
89,4
86,3
Ppa_SEP2,1
Ppa_SEP2,2
Osa_SEP2__
1,00E-10
2,00E-09
7,00E-07
54,7
50,8
42
Ppa_SEP3,2
Ppa_SEP3,3
Ppa_SEP3,1
3,00E-59
3,00E-58
1,00E-55
216
213
204
Cre_ELIP2_
Pta_ELIP2_
Cre_ELIP6_
3,00E-14
6,00E-14
5,00E-13
9,00E-09
48,5
Ana_HLIP4_
6,00E-07
42
Gno_SEPx.3_
1,00E-11
57,4
Ath_FerrII
2,00E-92
327
Ppa_FerrII
1,00E-08
47,8
Gno_SEPx.4_
6,00E-11
55,1
Ath_PSBS__
5,00E-09
48,9
Gno_SEPx.2_
4,00E-11
55,1
Gno_SEPx.4_
4,00E-10
52,4
Gno_SEPx.4_
3,00E-11
56,2
Syn_Ferro_
8,00E-11
53,5
Syn_Ferro_
5,00E-14
63,5
Cpa_OHP2__
6,00E-12
58,5
Gno_SEPx.2_
3,00E-07
42
Glo_HLIP1_
6,00E-06
38,1
Osa_PsbS,2
4,00E-08
46,2
Cre_FerroI
2,00E-38
147
Syn_HLIPC_
2,00E-10
52
Ppa_OHP2__
1,00E-14
67,8
Ppa_FerrII
4,00E-35
137
Ath_PSBS__
3,00E-04
32,3
Ptr_OHP1-like1
0,005
28,9
Osa_OHP2__
5,00E-09
48,9
Ana_Ferro_
9,00E-07
40,8
Ath_FerrII
2,00E-05
37,4
Osa_FerrII
2,00E-110
387
Vca_LHL4__
7,00E-04
32
Cpa_OHP2__
8,00E-10
51,6
Gsu_HLIP__
2,00E-07
43,5
Tps_SEP___
9,00E-06
38,5
Osa_FerrII
7,00E-80
285
Ath_OHP1__
3,00E-14
65,5
Ath_OHP2__
9,00E-19
79,3
Pta_SEP2__
9,00E-07
41,6
Osa_SEP3__
3,00E-53
196
Osa_ELIP1_
4,00E-13
complete CDS; ELIP number newly assigned

complete CDS

complete CDS

5´end partial

complete CDS

Ferrochelatase II with CB motif

predicted three-helix protein

nuclear-encoded OHP1-like, long-branching

CB motif rather divergent

predicted three-helix protein

nuclear-encoded OHP1-like, long-branching

nuclear-encoded OHP1-like , long-branching

correct stop codon but apparently no CB motif; complete CDS with twin
arginine motif and TP

complete CDS with twin arginine motif and TP

complete CDS

FerrochelataseII with correct stop codon but apparently no CB motif

complete CDS; predicted three-helix CB protein

complete CDS, TP and twin arginine present; nuclear-encoded OHP1-like

TP and twin arginine signal unclear.

complete CDS; different variants annotated.

complete CDS; plastid located.

5' end partial; Ferrochelatase II with CB motif

complete CDS

complete CDS

5' end partial; otherwise complete

complete CDS

missing stop codon, otherwise complete

complete CDS

Ferrochelatase II with CB motif

complete CDS; additional highly similar gene copies (e.g. ES234255.1) may exist

complete CDS, additional highly similar gene copies (e.g. ES236587.1) may exist

Cre_ELIP1_

Cre_SEP3__

Cre_SEP2__

Cre_OHP2__

Cre_OHP1__

Tps_FerrII

Tps_RedCAP___

Tps_SEP___

Tps_OHP2__

Tps_OHP1-like

Ptr_FerrII

Ptr_RedCAP___

Ptr_SEP___

Ptr_OHP2__

Ptr_OHP1-like2

Ptr_OHP1-like1

Cme_FerrII

Cme_OHP2__

Cme_HLIP__

Gsu_FerrII

Gsu_RedCAP__G

Gsu_OHP1-like

Gsu_SEPx__

Gsu_OHP2__

Gsu_HLIP__

Gno_FerrII

Gno_SEPx.6_

Gno_SEPx.5_

Gno_SEPx.4_

Gno_SEPx.3_

Gno_SEPx.2_

Gno_SEPx.1_

Cpa_FerrII

Cpa_SEPx.2_

Cpa_SEPx1_
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FerrochelataseII

Lil1, Lhl1

Lil1, Lhl1

Lil1, Lhl1

ELIP7

ELIP8

ELIP9

Lhl4

PSBS1****

PSBS-like

Rieske-like

FerrochelataseII

Chlre4:148418

Chlre4:137786

Chlre4:148916

Chlre4:139895

Chlre4:196341

Chlre4:175221

Chlre4:192099

Chlre4:183446

Lil1

CP22

ELIP7

PSBS

Rieske-like

FerrochelataseII

Ost9901_3:26687

Ost9901_3:15953

Ost9901_3:86880

Ost9901_3:2831

Lil3

Lil3

Lil3

SEP3.1 (Lil3.1)

SEP3.2 (Lil3.2)

SEP3.3 (Lil3.3)

Phypa1_1:235411

Lil5

SEP2.2

Phypa1_1:235393

Phypa1_1:235410

Lil5

SEP2.1

Phypa1_1:235394

Phypa1_1:235409

Lil6

Lil4

OHP2

SEP1

Phypa1_1:69369]

Phypa1_1:235412

Phypa1_1:235406

Lil2

Lil1

ELIP6

Ost9901_3:24978

OPHP1.2

Lil1

ELIP5

Ost9901_3:94034

Lil2

FerrochelataseII

Lil1

ELIP4

Ost9901_3:92730

OHP1.1

Rieske-like

Lil1

ELIP3****

Ost9901_3:29644

SEP

SEP

SEP

SEP

SEP

SEP

OHP2

OHP1

OHP1

PSBS

ELIP

ELIP

ELIP

ELIP

ELIP

Lil1

ELIP

ELIP

ELIP2****

Lil1

ELIP1

Ost9901_3:37301

SEP

OHP2

OHP1

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

Ost9901_3:29720

Lil6

Lil3

OHP2

SEP3

Ost9901_3:9364

Lil2

OHP1

Ost9901_3:33858

Ost_Chr_
_6|112051|112434

PSBS

Rieske-like

Lil1, Lhl1

ELIP6

Chlre4:182724

Physcomitrella patens ssp patens Phypa1_1:235408
JGI Phypa1.1

Ostreococcus lucimarinus
JGI Ost 2.0

PSBS

Lil1, Lhl1

ELIP5

Chlre4:151801

CP22

Lhl4

Lil1, Lhl1

ELIP4

Chlre4:392377

ELIP

Lil1, Lhl1

ELIP3

Chlre4:191226

ELIP

Lil1, Lhl1

ELIP2

Chlre4:191585

2**

2**

2**

2**

2

2

1(2*)

1

1

n.a.

2

4**

3

3

3**

3

3**

3**

3

2

1

1

2

2

4

4**

3

3

3

3

3

3

3

3

3**

87,2
ELIP
1,90E-26
89,6
ELIP
4,10E-26
88,5
ELIP
8,60E-25
84,1
ELIP
1,20E-24
83,6
ELIP
5,30E-23
78,2
ELIP
2,70E-14
49,3
ELIP
1,10E-28
97
ELIP
1,40E-24
83,4
LHL4
5,80E-45
151,1
PSBS
1,50E-44
149,7
PSBS
3,40E-12
42,3
SEP4
0,072
-20,8
FerroII
4,90E-47
158
OHP1
4,70E-19
65,1
OHP2
2,70E-39
132,3
SEP3
7,20E-36
120,9
ELIP
3,30E-20
68,9
SEP
5,60E-13
44,9
ELIP
1,60E-25
86,5
ELIP
1,20E-11
40,4
HLIPa
1,50E-05
9
ELIP
1,10E-06
11,7
HLIPa
3,60E-07
22,9
SEP
1,20E-06
21,8
SEPxGlauco
0,47
-37,3
SEP3
0,31
-10,9
OHP1
2,10E-39
132,6
OHP1
2,90E-41
138,8
OHP2
4,50E-38
128,2
SEP12
1,40E-29
100
SEP12
2,00E-28
96,2
SEP12
1,30E-28
96,9
SEP3
6,60E-39
131
SEP3
4,50E-38
128,2
SEP3
1,30E-38
130
23,3
SEP
4,70E-06
16,7
HLIPa
6,50E-07
13,6
SEP
3,70E-16
55,4
HLIPa
1,80E-08
25,4
SEP
1,20E-10
37,1
HLIPa
2,80E-08
23,9
HLIPa
7,20E-07
13,2
HLIPa
6,2E-22
74,6
SEP
6,60E-26
87,8
SEP
4,60E-17
58,4
SEP
5,00E-09
31,7
ELIP
0,45
-29,3
HLIPa
2,50E-16
56
SEP
3,10E-10
35,8
LHL4
2,20E-07
19,2
SEP
1,10E-20
70,5
HLIPa
3,70E-09
30,6
ELIP
3,40E-11
39
SEPxGlauco
7,10E-06
7,7
OHP2
3,90E-07
7,7
SEP
3,80E-05
0,2
SEPxGlauco
3,50E-05
5,9
SEP
6,90E-05
-1,8
PSBS
1,70E-06
15,4
LHL4
0,83
-28,4
FerroII
0,74
-34,8
HLIPa
2,30E-11
39,5
HLIPa
2,70E-10
36
SEP
9,80E-09
30,8
SEP
1,10E-20
70,5
SEP
2,50E-18
62,7
SEP
9,20E-18
60,8
SEP
3,70E-26
88,6
SEP
2,30E-26
89,3
SEP
2,70E-25
85,8

18,8
OHP2
9,90E-06
-3,4
SEP
9,20E-07
22,9
HLIPa
1,40E-07
18,7
SEP
1,90E-07
26,5
HLIPa
4,40E-06
7,3
SEP
3,70E-08
28,9
SEP
1,20E-05
13,1
SEP
3,50E-20
68,8
HLIPa
2,20E-23
79,5
SEPxMoss
3,10E-15
52,4
LHL4
1,30E-07
21
RedCAP
0,83
-44,8
SEP
2,70E-09
32,6
HLIPa
3,40E-10
35,6
HLIPa
7,00E-07
13,4
HLIPa
1,90E-06
10
SEP
8,30E-08
27,7
HLIPa
4,50E-08
22,4
OHP2
9,50E-06
-3,3
SEP
8,40E-07
23,2
LHC
0,00011
4,8
OHP2
4,00E-05
0,7
SEP3
0,00012
4,3
SEP12
3,60E-05
2,2
SEP
1,2
-30,9
LHC
4,1
-44,5
FerroII
1,60E-07
24,1
SEP
2,00E-09
33,1
HLIPa
3,50E-07
15,7
HLIPa
4,40E-08
22,5
HLIPa
5,20E-06
6,7
HLIPa
6,10E-06
6,2
OHP2
1,60E-07
10,8
OHP2
2,70E-06
1,1
OHP2
2,30E-07
9,5

66,6
Cre_ELIP6_
6,00E-18
78,6
Cre_ELIP5_
2,00E-40
154
Osa_ELIP1_
6,00E-19
82
Cre_ELIP3_
2,00E-40
154
Cre_ELIP2_
5,00E-18
78,6
Ath_ELIP2_
3,00E-18
78,6
Ath_ELIP1_
2,00E-20
87
Olu_ELIP1_
2,00E-12
47
Vca_LHL4__
1,00E-101
357
Ppa_PSBS__
2,00E-43
162
Vca_PSBSlk
1,00E-105
370
Olu_Rieske
4,00E-54
199
Ppa_FerrII
1,00E-169
584
Cre_OHP1__
2,00E-16
73,2
Ppa_OHP2__
3,00E-24
97,8
Cre_SEP3__
5,00E-53
194
Cre_ELIP7_
5,00E-13
61,6
Ath_ELIP1_
7,00E-13
62
Cre_ELIP7_
1,00E-14
67,4
Pta_ELIP1_
8,00E-10
53,5
Olu_ELIP1_
4,00E-10
52
Cre_ELIP1_
1,00E-10
54,7
Cre_ELIP5_
3,00E-21
89,7
Cre_PSBS1__
3,00E-11
56,6
Cre_Rieske
3,00E-54
199
Ath_FerrII
7,00E-142
491
Ppa_OHP1,2
6,00E-42
157
Ppa_OHP1,1
6,00E-42
157
Pta_OHP2__
9,00E-44
164
Pta_SEP1__
5,00E-28
111
Ppa_SEP2.2
2,00E-89
316
Ppa_SEP2.1
2,00E-89
316
Ppa_SEP3.3
5,00E-138
478
Ppa_SEP3.1
2,00E-83
297
Ppa_SEP3.1
5,00E-138
478
65,5
Osa_ELIP3_
6,00E-17
75,1
Olu_ELIP7
4,00E-15
70,1
Ath_ELIP1_
9,00E-17
74,7
Olu_ELIP7
4,00E-21
89,7
Pta_ELIP2_
3,00E-16
72,8
Ath_ELIP1_
6,00E-18
77,8
Pta_ELIP1_
2,00E-18
80,1
Pta_ELIP2_
3,00E-11
49
Ppa_SEPx.1_
8,00E-10
52,4
Ath_PSBS__
9,00E-43
160
Cre_PSBS1__
9,00E-26
105
Ath_Rieske
2,00E-38
147
Ath_FerrII
3,00E-164
566
Ath_OHP1__
4,00E-13
62
Pta_OHP2__
1,00E-23
95,9
Ppa_SEP3,3
1,00E-51
190
Pta_ELIP2_
1,00E-12
60,1
Pta_ELIP1_
7,00E-13
62
Osa_ELIP2_
3,00E-13
62,4
Olu_ELIP1_
4,00E-09
51,2
Olu_ELIP3_
8,00E-08
44,3
Cre_ELIP5_
1,00E-06
41,6
Cre_ELIP3_
2,00E-15
70,1
Ath_PSBS__
5,00E-11
55,8
Osa_Rieske
4,00E-38
145
Cre_FerroI
3,00E-141
489
Pta_OHP1__
3,00E-27
108
Pta_OHP1__
5,00E-27
107
Osa_OHP2__
1,00E-36
140
Osa_SEP1,1
4,00E-22
92
Pta_SEP2__
3,00E-22
93,6
Pta_SEP2__
3,00E-26
106
Ppa_SEP3,2
2,00E-83
297
Ppa_SEP3,3
3,00E-83
296
Ppa_SEP3,2
4,00E-84
299

62,4
Osa_ELIP1_
1,00E-16
74,3
Cre_ELIP7_
4,00E-11
56,6
Osa_ELIP2_
2,00E-16
73,6
Cre_ELIP1_
1,00E-12
61,2
Cre_ELIP4_
2,00E-15
70,1
Pta_ELIP1_
1,00E-15
70,1
Pta_ELIP2_
1,00E-17
77,4
Osa_ELIP1_
8,00E-11
49
Gno_SEPx.2_
8,00E-10
52,4
Osa_PsbS,1
1,00E-41
157
Pta_PSBS2_
6,00E-16
72,8
Osa_Rieske
2,00E-37
144
Osa_FerrII
2,00E-163
563
Ppa_OHP1,1
8,00E-13
60,8
Ath_OHP2__
2,00E-21
88,6
Ppa_SEP3,1
5,00E-51
188
Pta_ELIP1_
4,00E-12
58,5
Osa_ELIP1_
1,00E-11
58,2
Cre_ELIP2_
4,00E-13
62
Pta_ELIP2_
5,00E-09
50,8
Olu_ELIP2_
1,00E-07
43,9
Olu_ELIP7
1,00E-06
41,2
Cre_ELIP7_
7,00E-10
52
Osa_PsbS,1
9,00E-11
55,1
Ath_Rieske
4,00E-36
139
Osa_FerrII
6,00E-141
488
Osa_OHP1,2
4,00E-27
108
Osa_OHP1,2
7,00E-26
103
Ath_OHP2__
2,00E-36
140
Ath_SEP1__
4,00E-21
89
Osa_SEP2__
9,00E-20
85,1
Osa_SEP2__
9,00E-20
85,1
Ath_SEP3,1
1,00E-61
224
Ath_SEP3,1
9,00E-63
228
Osa_SEP3__
4,00E-61
223

62,8
Osa_ELIP2_
4,00E-16
72,4
Olu_ELIP2_
5,00E-09
49,7
Pta_ELIP1_
8,00E-16
71,6
Osa_ELIP3_
3,00E-11
57
Osa_ELIP1_
9,00E-15
67,8
Pta_ELIP2_
2,00E-15
69,7
Osa_ELIP3_
2,00E-17
77
Ath_ELIP1_
1,00E-10
50
Cpa_SEPx.2_
3,00E-09
50,4
Osa_PsbS,1
6,00E-18
78,6
Ath_PSBS__
1,00E-15
72
Ppa_Rieske
5,00E-37
142
Olu_FerrII
5,00E-141
489
Ppa_OHP1,2
2,00E-12
59,3
Cre_OHP2__
8,00E-21
86,3
Ppa_SEP3,2
8,00E-49
181
Cre_ELIP6_
4,00E-12
58,5
Osa_ELIP2_
2,00E-11
57,4
Osa_ELIP3_
5,00E-13
61,6
Cre_ELIP7_
1,00E-08
49,3
Cre_ELIP5_
2,00E-07
43,1
Cre_ELIP3_
1,00E-06
41,2
Cre_ELIP1_
4,00E-09
49,3
Pta_PSBS2_
1,00E-10
54,7
Ppa_Rieske
9,00E-36
138
Ppa_FerrII
6,00E-140
484
Osa_OHP1,1
4,00E-25
101
Osa_OHP1,1
6,00E-25
100
Olu_OHP2__
1,00E-23
97,8
Osa_SEP1,2
1,00E-12
60,8
Ath_SEP2__
4,00E-17
76,3
Ath_SEP2__
4,00E-17
76,3
Osa_SEP3__
8,00E-61
221
Osa_SEP3__
4,00E-59
216
Ath_SEP3,1
6,00E-61
222
Ferrochelatase II without CB motif, 5´end partial.

no CB motif, complete CDS

; ELIP number newly assigned

rather divergent ELIP; ELIP number newly assigned

5'end partial; two CB motifs, but the first one very divergent; ELIP number newly assigned

erroneously annotated as fusion at JGI; first ELIP CB motif rather divergent

5´end partial; highly similar copies on chr. 13 and chr. 21; ELIP number newly assigned

highly similar copies on chr. 13 and chr. 21; ELIP number newly assigned

5´end partial; ELIP number newly assigned

FerrochelataseII with CB motif; 5 end unclear

no CB motif, complete CDS

complete CDS; rather divergent PSBS with close homolog in Volvox carteri

Additional nearly identical gene copy PSBS2: Chlre4:171516

complete CDS

complete CDS; ELIP number newly assigned

complete CDS; ELIP number newly assigned;

ELIP number newly assigned; 5´end partial

complete CDS; ELIP number newly assigned

ELIP number newly assigned

ELIP number newly assigned

complete CDS; ELIP number newly assigned

complete CDS; ELIP number newly assigned

Ppa_SEP3.3

Ppa_SEP3.2

Ppa_SEP3.1

Ppa_SEP2.2

Ppa_SEP2.1

Ppa_SEP1__

Ppa_OHP2__

Ppa_OHP1.2

Ppa_OHP1.1

Olu_FerrII

Olu_Rieske

Olu_PSBS__

Olu_ELIP7

Olu_ELIP6

Olu_ELIP5

Olu_ELIP4_

Olu_ELIP3_

Olu_ELIP2_

Olu_ELIP1_

Olu_SEP3__

Olu_OHP2__

Olu_OHP1__

Cre_FerroI

Cre_Rieske

Cre_PSBSlk

Cre_PSBS1__

Cre_LHL4__

Cre_ELIP8_

Cre_ELIP7_

Cre_ELIP6_

Cre_ELIP5_

Cre_ELIP4_

Cre_ELIP3_

Cre_ELIP2_
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Arabidopsis thaliana
TAIR

Pinus taeda
NCBI EST

Lil7

Lil1

Lil1

Lil1

Lil1

Lil1

Lil1

Lil1

Lil1

Lil1

Lil1

SEPx.2

ELIP****

ELIP****

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP****

Phypa1_1:161321

Phypa1_1:235387

Phypa1_1:116307

Phypa1_1:235386

Phypa1_1:235391

Phypa1_1:152573

Phypa1_1:235392

Phypa1_1:164842

Phypa1_1:93237

Phypa1_1:118582

Phypa1_1:196099

Rieske-like CAB

FerrochelataseII

Lil1

CP22

ELIP

PSBS

Rieske-like CAB

FerrochelataseII

Phypa1_1:235423

Phypa1_1:235377

Phypa1_1:235459

Phypa1_1:31862

ELIP

PSBS.1

PSBS.2

Rieske-like CAB

FerrochelataseII

gi_67551620_
gb_DR092647_1_

gi_48945925_
gb_CO173053_1

gi_49442568_
gb_CO361251_1

gi_34491765_
gb_CF474393_1_

Lil4

CP22

ELIP3****

gi_34489018_
gb_CF471646_1_

SEP1

CP22

ELIP2****

gi_34489189_
gb_CF471817_1

At4g34190

Lil1

ELIP1****

gi_66980661_
gb_DR057094_1_

Lil6

Lil1

SEP5

gi_67556374_
gb_DR097019_1_

Ohp2

Lil1

SEP4

gi_70776652_
gb_DR688176_

At1g34000

Rieske-like CAB

FerrochelataseII

Lil3

SEP3

gi_49010503_
gb_CO199328_1

Lil2

ELIP

Lil5

SEP2

gi_48949565_
gb_CO176693

Ohp1

SEP

Lil4

SEP1

gi_66746600_
gb_DR024230_1

At5g02120

SEP

Lil6

OHP2

gi_74157520_
gb_DT627452_1

SEP

OHP2

OHP1

PSBS

PSBS

ELIP

ELIP

SEP

SEP

SEP

OHP2

Lil2

OHP1

gi_49012632_
gb_CO201457_1_

OHP1

PSBS

ELIP

ELIP

Lil1

Lil1

ELIP

ELIP****

Phypa1_1:235390

Phypa1_1:55357

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

ELIP

SEP

SEP

SEP

Lil7

SEP5

SEPx.1

Phypa1_1:19058

Phypa1_1:162400

2

1(2*)

1

n.a.

1

4

4

3

3

3

1(2)

2

n.a.

2

2

1

1

1

2

4

3

3

3

3

3

3

3

3

3

3

3

3

3

2**

2

n.a.

SEP5
4,70E-39
131,5
SEPxMoss
5,10E-35
118,1
SEPxMoss
6,50E-25
84,5
ELIP
119,7
1,7e-35
ELIP
119,1
2,5e-35
ELIP
119,4
2e-35
ELIP
111,2
5,9e-33
ELIP
109,9
1,5e-32
ELIP
103,3
1,4e-30
ELIP
115,1
4,1e-34
ELIP
110,0
1,4e-32
ELIP
125,9
2,3e-37
ELIP
118,2
4,7e-35
HLIPa
34,7
6,5e-10
ELIP
109,5
2e-32
ELIP
93,1
1,7e-27
PSBS
4,00E-58
194,8
RieskeCB
5,20E-42
141,3
FerroII
5,40E-50
167,8
OHP1
8,00E-38
127,4
OHP2
1,10E-35
120,3
SEP12
1,20E-23
80,4
SEP12
3,70E-19
65,4
SEP3
6,20E-24
81,3
SEP4
1,20E-33
113,6
SEP5
4,10E-33
111,7
ELIP
2,20E-33
112,7
ELIP
5,20E-34
114,7
ELIP
1,10E-21
73,8
PSBS
1,20E-60
203,3
PSBS
6,90E-60
200,7
RieskeCB
2,40E-36
122,5
FerroII
0,00014
-1,9
OHP1
9,80E-41
137,1
OHP2
1,00E-38
130,4
SEP12
SEP
2,00E-18
63
SEP
1,30E-21
73,6
SEP
9,00E-10
34,2
SEP
57,8
7,1e-17
SEP
56,6
1,6e-16
SEP
56,3
2e-16
SEP
66,5
1,8e-19
SEP
66,5
1,8e-19
SEP
62,3
3,2e-18
SEP
68,9
3,2e-20
SEP
66,8
1,4e-19
SEP
71,8
4,4e-21
SEP
76,8
1,4e-22
SEP
34,4
8,2e-10
SEP
67,4
9,4e-20
SEP
46,8
1,5e-13
LHL4
9,10E-27
90,7
SEP
1,70E-15
53,2
HLIPa
3,00E-19
65,7
HLIPa
7,50E-09
28,3
SEP
4,20E-12
41,9
SEP
2,40E-15
52,7
SEP
3,70E-14
48,8
SEP
5,20E-12
41,6
SEP
1,80E-14
49,8
SEP
1,50E-19
66,7
SEP
9,50E-18
60,7
SEP
2,10E-20
69,5
SEP
2,40E-15
52,8
SEPxMoss
2,40E-25
86
LHL4
1,70E-27
93,1
SEP
5,10E-10
35
SEP5
5,3
-34,2
HLIPa
4,90E-12
41,7
SEP
2,30E-12
42,9
SEP

OHP2
5,10E-06
-1,2
LHL4
3,00E-11
39,1
LHL4
4,30E-06
9,9
HLIPa
52,4
2,9e-15
HLIPa
52,4
2,9e-15
HLIPa
44,9
5,7e-13
SEPxGlauco
45,1
4,9e-13
SEPxGlauco
46,5
1,8e-13
SEPxGlauco
39,0
3,2e-11
HLIPa
66,1
2,3e-19
HLIPa
51,4
6e-15
HLIPa
56,0
2,5e-16
HLIPa
54,2
8,5e-16
HLIPb
14,7
7,3e-06
SEPxGlauco
48,9
3,3e-14
HLIPa
40,1
1,6e-11
SEPxMoss
3,90E-23
78,6
HLIPa
5,60E-14
48,2
SEP
4,30E-13
45,3
SEP
9,40E-07
22,8
HLIPa
7,80E-09
28,2
HLIPa
2,10E-07
17,2
HLIPa
2,30E-07
17
ELIP
0,0066
-13,6
HLIPa
7,60E-12
41,1
OHP2
8,80E-07
4,9
HLIPa
2,00E-13
46,4
HLIPa
2,40E-13
46,1
HLIPa
7,80E-11
37,8
LHL4
4,60E-25
85
SEPxMoss
2,90E-25
85,7
HLIPa
1,00E-07
19,7
SEP4
5,6
-39
SEP
3,30E-08
29
HLIPa
8,00E-08
20,5
LHL4

Pta_SEP5__
7,00E-22
89,7
Ppa_SEPx.2_
4,00E-100
352
Ppa_SEPx1_
4,00E-100
352
Pta_ELIP1_
2e-025
103
Pta_ELIP1_
8e-026
104
Pta_ELIP1_
3e-024
99,8
Osa_ELIP3_
4e-023
96,3
Osa_ELIP3_
2e-022
93,6
Osa_ELIP3_
1e-023
98,2
Osa_ELIP1_
1e-025
105
Pta_ELIP1_
2e-023
97,4
Ath_ELIP2_
2e-026
106
Osa_ELIP1_
2e-026
105
Pta_ELIP3_
2e-017
75,9
Osa_ELIP3_
2e-024
100
Pta_ELIP2_
3e-014
66,6
Osa_PsbS,2
5,00E-99
348
Ath_Rieske
6,00E-80
285
Osa_FerrII
0
702
Osa_OHP1,2
4,00E-33
127
Osa_OHP2__
2,00E-44
166
Ppa_SEP1__
5,00E-28
111
Osa_SEP2__
1,00E-33
130
Ath_SEP3,1
6,00E-20
83,2
Ath_SEP4__
4,00E-40
152
Osa_SEP5__
1,00E-25
102
Pta_ELIP2_
5,00E-66
238
Pta_ELIP1_
4,00E-66
238
Pta_ELIP1_
2,00E-40
152
Pta_PSBS2_
1,00E-110
387
Pta_PSBS1_
7,00E-111
387
Ath_Rieske
2,00E-68
246
Osa_FerrII
1,00E-56
206
Osa_OHP1,2
2,00E-31
122
Osa_OHP2__
4,00E-46
172
Pta_SEP1__
Ath_SEP5__
3,00E-20
84,3
Vca_LHL4__
2,00E-11
57,4
Vca_LHL4__
1,00E-06
42
Osa_ELIP1_
5e-024
99,0
Ath_ELIP1_
2e-023
96,3
Ath_ELIP1_
5e-023
95,9
Ath_ELIP1_
5e-023
95,9
Osa_ELIP1_
3e-022
92,8
Osa_ELIP1_
1e-022
94,7
Osa_ELIP3_
2e-025
104
Pta_ELIP3_
2e-022
93,6
Pta_ELIP1_
3e-024
99,0
Osa_ELIP3_
7e-026
104
Osa_ELIP1_
2e-016
72,4
Osa_ELIP1_
4e-024
99,4
Pta_ELIP1_
1e-012
61,6
Pta_PSBS1_
6,00E-95
335
Osa_Rieske
5,00E-77
275
Ath_FerrII
0
682
Osa_OHP1,1
4,00E-30
117
Ppa_OHP2__
8,00E-44
164
Osa_SEP1,1
1,00E-25
103
Ath_SEP2__
6,00E-30
118
Ath_SEP3,2
1,00E-18
79
Osa_SEP4__
1,00E-34
134
Ath_SEP5__
5,00E-24
97,4
Ath_ELIP1_
6,00E-49
181
Ath_ELIP1_
2,00E-41
156
Pta_ELIP2_
1,00E-38
146
Osa_PsbS,2
9,00E-101
354
Ath_PSBS__
9,00E-96
337
Osa_Rieske
5,00E-67
241
Ath_FerrII
3,00E-55
201
Osa_OHP1,1
6,00E-30
117
Pta_OHP2__
4,00E-43
162
Osa_SEP1,1

Osa_SEP5__
3,00E-18
77,8
Pta_PSBS1_
3,00E-11
57
Osa_PsbS,2
1,00E-06
42
Osa_ELIP3_
3e-023
96,7
Osa_ELIP3_
3e-023
95,9
Osa_ELIP3_
8e-023
95,1
Osa_ELIP1_
1e-022
94,7
Ath_ELIP1_
5e-022
92,0
Pta_ELIP3_
3e-021
89,7
Osa_ELIP2_
1e-024
102
Osa_ELIP1_
9e-022
91,7
Ath_ELIP1_
3e-023
95,5
Osa_ELIP2_
7e-026
104
Osa_ELIP2_
5e-016
71,2
Osa_ELIP2_
2e-022
94,0
Ath_ELIP1_
2e-012
60,5
Osa_PsbS,1
8,00E-92
324
Pta_Rieske
5,00E-50
186
Cre_FerroI
9,00E-170
584
Ath_OHP1__
3,00E-29
115
Ath_OHP2__
4,00E-43
162
Ath_SEP1__
2,00E-24
99,8
Ppa_SEP2,2
2,00E-26
106
Osa_SEP3__
3,00E-18
77,8
Glo_HLIP2_
1,00E-07
44,7
Ppa_SEP5__
1,00E-21
89,7
Ath_ELIP2_
1,00E-47
177
Ath_ELIP2_
6,00E-39
148
Ath_ELIP1_
5,00E-38
144
Ath_PSBS__
1,00E-99
350
Osa_PsbS,2
2,00E-92
326
Ppa_Rieske
2,00E-50
186
Ppa_FerrII
2,00E-54
199
Pta_OHP1__
3,00E-29
115
Ppa_OHP2__
2,00E-36
140
Ppa_SEP1__

Ath_OHP2__
1,00E-05
36,2
Ath_PSBS__
3,00E-11
56,6
Pta_PSBS1_
2,00E-06
41,2
Ath_ELIP1_
6e-023
95,5
Osa_ELIP1_
3e-023
95,9
Osa_ELIP1_
1e-022
94,4
Pta_ELIP1_
2e-022
93,6
Pta_ELIP3_
5e-022
92,0
Osa_ELIP2_
6e-021
89,0
Pta_ELIP3_
9e-023
95,5
Osa_ELIP3_
2e-021
90,5
Pta_ELIP3_
7e-023
94,4
Pta_ELIP1_
1e-023
96,7
Pta_ELIP1_
1e-015
69,7
Ath_ELIP1_
9e-022
91,7
Cre_ELIP7_
5e-012
59,3
Ath_PSBS__
2,00E-90
320
Cre_Rieske
5,00E-37
142
Olu_FerrII
7,00E-140
484
Ppa_OHP1,1
3,00E-27
108
Olu_OHP2__
3,00E-23
95,9
Osa_SEP1,2
2,00E-15
69,7
Ppa_SEP2,1
2,00E-22
93,6
Ppa_SEP3,2
9,00E-17
72,8
Cpa_SEPx.1_
2,00E-06
40,4
Vca_LHL4__
5,00E-08
44,3
Pta_ELIP3_
5,00E-40
152
Pta_ELIP3_
2,00E-38
146
Ath_ELIP2_
3,00E-36
138
Osa_PsbS,1
7,00E-98
344
Osa_PsbS,1
1,00E-91
323
Cre_Rieske
5,00E-24
98,6
Cre_FerroI
1,00E-40
152
Ppa_OHP1,2
7,00E-25
100
Olu_OHP2__
5,00E-21
88,6
Osa_SEP1,2
5' end and 3' end partial; no CB motif but probably due to missing EST data

CB motif in first helix, possibly additional 3´terminal second helix or membrane anchor

5' end and 3' end partial

Ferrochelatase II with CB motif, 5´end not annotated

two copies on scaffold 10

CB motifs rather divergent; 5´end partial

5´end partial; two copies on scaffold 255

5´end partial

manually corrected

5´end partial; two copies on scaffold 15

multiple copies on scaffold 308 (3x) and scaffold 140 (1x)

model manually corrected (erroneous insertion at JGI)

5' end and 3' end not annotated

Ath_SEP1__

Ath_OHP2__

Ath_OHP1__

Pta_FerrII

Pta_Rieske

Pta_PSBS2_

Pta_PSBS1_

Pta_ELIP3_

Pta_ELIP2_

Pta_ELIP1_

Pta_SEP5__

Pta_SEP4__

Pta_SEP3__

Pta_SEP2__

Pta_SEP1__

Pta_OHP2__

Pta_OHP1__

Ppa_FerrII

Ppa_Rieske

Ppa_PSBS__

na

na

na

na

na

na

na

na

na

na

na

na

na

Ppa_SEPx.2_

Ppa_SEPx.1_

Ppa_SEP5__

196

SEP

ELIP

Lil1

Lil1

CP22

SEP4

SEP5

Elip1

Elip2

At3g12345

At4g28025

At3g22840

At4g14690

CP22

PSBS.2

Rieske-like CAB

FerrochelataseII

Os01g64960

Os11g13850

Os05g29760

comment

CP22

PSBS.1

Os04g59440

HMM profile based on first HLIP seed alignment
HMM profile based on second HLIP seed alignment
HMM profile of OHP1
HMM profile of OHP2
HMM profile of SEP1 and SEP2
HMM profile of SEP3
HMM profile of SEP4
HMM profile of SEP5
HMM profile of glaucophyte SEPx
HMM profile of SEPx in Physcomitrella and Selaginella
HMM profile of all typical two-helix SEP sequences
HMM profile of RedCAP
HMM profile of ELIP
HMM profile of Lhl4
HMM profile of PSBS
HMM profile of Rieske-like CAB fusion proteins
HMM profile of Ferrochelatase II
HMM profile of LHC including all major LHC subfamilies

FerrochelataseII

Lil1

ELIP3

Os07g08160

HLIPa
HLIPb
OHP1
OHP2
SEP12
SEP3
SEP4
SEP5
SEPxGlauco
SEPxMoss
SEP
RedCAP
ELIP
LHL4
PSBS
RieskeCB
FerroII
LHC

Rieske-like CAB

Lil1

ELIP2

Os01g14410

PSBS

PSBS

ELIP

ELIP

ELIP

Lil1

ELIP1

SEP

Os07g08150

Lil3

SEP3

Os02g03330

SEP

SEP

Lil5

SEP2

Os04g54630

SEP

SEP5

Lil4

SEP1.2

Os11g40600

SEP

Os02g39730

Lil4

SEP1.1

Os10g25570

OHP2

OHP1

SEP

Lil6

Ohp2

Os01g40710

SEP4

Lil2

Ohp1.2

Os05g22730

OHP1

Os06g28950

Lil2

Ohp1.1

FerrochelataseII

FerrochelataseII

At2g30390

Os12g29570

Rieske-like CAB

PSBS

PSBS

Rieske-like CAB

At1g44575.1

ELIP

SEP

At1g71500

*** name of HMM profile

Oryza sativa ssp. japonica
TIGR

SEP

Lil3

SEP3.2 (Lil3.2)

At5g47110

SEP

Lil3

SEP3.1 (Lil3.1)

At4g17600

SEP

Lil5

SEP2

At2g21970

1

1

4

4

3

3

3

2

2

2

2

2**

2

1(2*)

1

1

1

1

4

3

3

1(2)

2

2

2

2*

1,90E-30
102,9
SEP12
7,20E-31
104,3
SEP3
3,80E-40
135,1
SEP3
6,30E-40
134,4
SEP4
7,20E-43
144,2
SEP5
4,90E-39
131,4
ELIP
3,40E-33
112
ELIP
3,20E-33
112,1
PSBS
2,60E-61
205,4
RieskeCB
1,60E-41
139,7
FerroII
4,70E-51
171,4
OHP1
1,30E-40
136,6
OHP1
2,90E-42
142,2
OHP2
1,10E-38
130,2
SEP12
9,50E-30
100,6
SEP12
7,10E-26
87,7
SEP12
1,50E-31
106,5
SEP3
1,30E-40
136,7
SEP4
6,50E-39
131
SEP5
3,10E-38
128,8
ELIP
2,30E-33
112,6
ELIP
5,20E-34
114,7
ELIP
1,50E-33
113,2
PSBS
1,10E-59
200
PSBS
1,10E-59
200,1
RieskeCB
4,80E-41
138,1
FerroII
1,40E-50
169,8
2,10E-21
72,8
SEP
1,40E-19
66,8
SEP
2,00E-25
86,2
SEP
2,40E-25
86
SEP
6,30E-21
71,3
SEP
1,10E-20
70,4
SEP
1,60E-18
63,2
SEP
3,30E-22
75,5
SEPxMoss
1,30E-25
86,8
HLIPa
5,00E-10
35,1
HLIPa
5,10E-19
64,9
HLIPa
1,70E-09
33,3
HLIPa
1,30E-11
40,4
SEP
5,40E-09
31,6
SEP
1,50E-19
66,7
SEP
1,90E-16
56,4
SEP
1,50E-20
70,1
SEP
1,60E-26
89,8
SEP
1,80E-15
53,2
SEP
2,30E-21
72,7
SEP
1,80E-23
79,7
SEP
2,30E-22
76
SEP
7,50E-22
74,4
SEPxMoss
8,20E-24
80,9
LHL4
6,90E-27
91,1
HLIPa
2,50E-09
31,9
HLIPa
1,50E-17
60

7,70E-07
15,3
HLIPa
1,90E-05
2,4
HLIPa
2,10E-07
17,3
HLIPa
1,10E-07
19,5
HLIPa
2,70E-09
31,7
HLIPa
3,00E-05
0,9
HLIPa
9,90E-12
40,7
HLIPa
5,00E-15
51,7
LHL4
1,40E-25
86,8
SEP
8,20E-10
34,4
SEP
2,50E-14
49,4
SEP
1,60E-06
20,8
SEP
5,00E-07
25,1
SEPxGlauco
1,00E-07
24,9
LHL4
4,20E-06
10
LHL4
1,20E-05
6,8
HLIPa
1,90E-06
10
HLIPa
7,20E-08
20,8
HLIPa
4,30E-09
30,2
OHP2
1,60E-07
10,7
SEPxGlauco
4,00E-12
42,1
HLIPa
1,70E-12
43,3
HLIPa
9,30E-12
40,8
LHL4
1,60E-22
76,6
SEPxMoss
8,30E-24
80,8
SEP
2,90E-09
32,5
SEP
2,10E-14
49,6

2,00E-24
99,8
Osa_SEP2__
2,00E-48
179
Ath_SEP3,2
5,00E-115
401
Ath_SEP3,1
5,00E-115
401
Pta_SEP4__
3,00E-40
152
Osa_SEP5__
3,00E-26
105
Ath_ELIP2_
4,00E-78
278
Ath_ELIP1_
4,00E-78
278
Osa_PsbS,2
2,00E-101
356
Osa_Rieske
7,00E-99
348
Osa_FerrII
0
739
Osa_OHP1,2
5,00E-35
134
Osa_OHP1,1
5,00E-35
134
Ath_OHP2__
4,00E-46
172
Pta_SEP1__
9,00E-26
103
Osa_SEP1,1
2,00E-22
93,2
Ath_SEP2__
2,00E-48
179
Ath_SEP3,2
7,00E-79
281
Pta_SEP4__
1,00E-34
134
Ath_SEP5__
3,00E-26
105
Osa_ELIP3_
5,00E-93
328
Osa_ELIP1_
5,00E-93
328
Osa_ELIP1_
5,00E-93
328
Osa_PsbS,2
8,00E-102
357
Osa_PsbS,1
8,00E-102
357
Ath_Rieske
7,00E-99
348
Ath_FerrII
0
739
4,00E-24
98,6
Pta_SEP2__
6,00E-30
118
Osa_SEP3__
1,00E-78
281
Osa_SEP3__
7,00E-79
281
Osa_SEP4__
3,00E-32
126
Pta_SEP5__
1,00E-23
97,4
Pta_ELIP1_
5,00E-49
181
Pta_ELIP1_
1,00E-47
177
Osa_PsbS,1
7,00E-101
354
Ppa_Rieske
6,00E-80
285
Ppa_FerrII
0
682
Pta_OHP1__
5,00E-30
117
Pta_OHP1__
4,00E-33
127
Pta_OHP2__
2,00E-44
166
Ath_SEP1__
4,00E-24
98,6
Ath_SEP1__
3,00E-20
85,5
Pta_SEP2__
1,00E-33
130
Ath_SEP3,1
9,00E-79
281
Ath_SEP4__
3,00E-32
126
Pta_SEP5__
2,00E-25
102
Osa_ELIP2_
5,00E-93
328
Osa_ELIP3_
6,00E-93
327
Osa_ELIP2_
6,00E-93
327
Ath_PSBS__
7,00E-101
354
Ath_PSBS__
2,00E-101
356
Ppa_Rieske
4,00E-77
275
Ppa_FerrII
0
702

3,00E-21
89
Ppa_SEP2,2
3,00E-17
76,3
Ppa_SEP3,2
6,00E-63
228
Ppa_SEP3,3
6,00E-60
218
Glo_HLIP2_
2,00E-08
47
Ppa_SEP5__
9,00E-20
84,3
Osa_ELIP1_
7,00E-46
171
Osa_ELIP2_
8,00E-45
167
Pta_PSBS1_
1,00E-99
350
Pta_Rieske
4,00E-68
246
Cre_FerroI
3,00E-164
566
Ath_OHP1__
6,00E-30
117
Ath_OHP1__
2,00E-31
122
Ppa_OHP2__
1,00E-36
140
Osa_SEP1,2
2,00E-22
93,2
Pta_SEP1__
2,00E-15
69,7
Ppa_SEP2,2
7,00E-20
85,1
Ppa_SEP3,3
3,00E-61
223
Glo_HLIP2_
2,00E-07
44,3
Ppa_SEP5__
8,00E-18
77,8
Ath_ELIP1_
8,00E-46
171
Ath_ELIP1_
2,00E-45
170
Ath_ELIP1_
2,00E-43
163
Pta_PSBS1_
7,00E-98
344
Pta_PSBS1_
9,00E-101
354
Pta_Rieske
9,00E-67
241
Cre_FerroI
2,00E-163
563

4,00E-20
85,5
Ppa_SEP2,1
3,00E-17
76,3
Ppa_SEP3,1
1,00E-61
224
Ppa_SEP3,1
6,00E-60
218
Ath_ELIP1_
1,00E-07
44,3
Vca_LHL4__
2,00E-07
43,5
Osa_ELIP2_
2,00E-45
170
Osa_ELIP1_
5,00E-44
165
Pta_PSBS2_
1,00E-95
337
Cre_Rieske
2,00E-38
147
Olu_FerrII
1,00E-141
491
Ppa_OHP1,1
3,00E-25
101
Ppa_OHP1,1
4,00E-27
108
Olu_OHP2__
4,00E-20
85,9
Ppa_SEP1__
4,00E-22
92
Ppa_SEP1__
8,00E-13
60,8
Ppa_SEP2,1
7,00E-20
85,1
Ppa_SEP3,1
6,00E-61
221
Olu_OHP1__
1,00E-06
41,6
Gno_SEPx.6_
2,00E-08
46,6
Ath_ELIP2_
5,00E-44
165
Ath_ELIP2_
9,00E-45
167
Ath_ELIP2_
3,00E-43
162
Ppa_PSBS__
7,00E-92
324
Ppa_PSBS__
5,00E-99
348
Olu_Rieske
5,00E-38
145
Olu_FerrII
8,00E-141
488
ELIP number newly assigned

ELIP number newly assigned

ELIP number newly assigned

CB motif in first helix, likely additional 3´terminal second helix or membrane anchor

one of several new LHC-like sequences in Arabidopsis thaliana

CB motif in first helix, possibly additional 3´terminal second helix or membrane anchor
one of several new LHC-like sequences in Arabidopsis thaliana

one of several new LHC-like sequences in Arabidopsis thaliana

Osa_FerrII

Osa_Rieske

Osa_PsbS.2

Osa_PsbS.1

Osa_ELIP3_

Osa_ELIP2_

Osa_ELIP1_

Osa_SEP5__

Osa_SEP4__

Osa_SEP3__

Osa_SEP2__

Osa_SEP1.2

Osa_SEP1.1

Osa_OHP2__

Osa_OHP1.2

Osa_OHP1.1

Ath_FerrII

Ath_Rieske

Ath_PSBS__

Ath_ELIP2_

Ath_ELIP1_

Ath_SEP5__

Ath_SEP4__

Ath_SEP3.2

Ath_SEP3.1

Ath_SEP2__
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OHP1-like.2

OHP1-like.1

HLIP

Proposed name

(NCBI_TPA)

BK006745

(NCBI_TPA)

BK006744

(Uniprot)

P48367

(Database)

Gene model

OHP1-like

OHP1-like

HLIP

Classified as

1

1

1

TM helices

Number of

2,00E-49
183

2,90E-16
55,8

Cpa OHP1-like1

183

52,4

HLIPa

1,00E-49

3,00E-15

-

-

ycf17

names

Alternative

Cpa OHP1-like.2

83,2

95,8

HLIPa

6,00E-20

Gsu HLIP

BLASTP

Best local

2,70E-28

HLIPa

model

Best HMM

nuclear-encoded

TP predicted,

5´end partial but

nuclear-encoded

TP predicted,

5´end partial but

cyanelle-encoded

Complete CDS,

Comments

Identified Sequences of the Extended LHC Protein Superfamily and Their Classification Exemplified for the Glaucophyte C. paradoxa

Table S2
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87

63,3

357

9,00E-102

Ana Ferro

100

122,7

HLIPa

1,00E-24

2,00E-36

34,8

2

2,00E-20

1,60E-18

SEPxGlauco Gno SEPx.2

Gno SEPx.1

58,5

117,1

SEP

8,00E-12

Gsu OHP2

9,80E-35

OHP2

(NCBI EST)

Ferrochelatase II

2

2

1

5,90E-10

EC660148

Ferrochelatase II

SEP

SEP

OHP2

& EC656004

BK006748

BK006747

(NCBI_TPA)

BK006746

SEPx.2

SEPx.1

OHP2

Lil6

-

-

-

intact CB motif

5´end partial,

Complete CDS

Complete CDS

Complete CDS
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motif; TP, transit peptide.

(Glaucocystis nostochinearum), and Ana (Anabena sp. PCC 7120). CB, chlorophyll-binding motif; CDS, coding sequence; TM, transmembrane

given accession numbers. Three-letter abbreviations are used as follows: Gsu (Galdieria sulphuraria), Cpa (Cyanophora paradoxa), Gno

NOTE.—These sequences except the plastid HLIP (ycf17) were newly identified based on EST data and deposited at NCBI_TPA under the

