Photosystem Il is a chimera of reaction centers
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A complete scenario for the evolution of photosynthesis must account for the origin and
diversification of photochemical reaction centers. Two lively debated questions are how the distinct
types of reaction centers evolved and how cyanobacteria acquired two distinct reaction centers—
Photosystem | and Photosystem I1—in the path towards the origin of light-driven water oxidation; or
in other words, towards the evolution of oxygenic photosynthesis (Hohmann-Marriott and
Blankenship 2011; Fischer et al. 2016). Here | show how the chimeric structure of Photosystem |1
provides unambiguous answers to these questions.

Multiple independent lines of evidence, provide support to the hypothesis that having two
distinct reaction centers, Type | and Type Il, side by side, is an ancestral state of the last common
ancestor of photosynthetic bacteria. Firstly, the evolution of the chlorophyll synthesis pathway
suggests that Type I and Type Il reaction centers originated from an ancestral gene duplication event
(Sousa et al. 2013); secondly, proteome similarity networks of a diverse group of prokaryotes
provided a similar result (Harel et al. 2015). But earlier genome comparisons had lent support to the
hypothesis that the last common ancestor to all photosynthetic organisms had already evolved two
distinct reaction centers from an early gene duplication event (Mulkidjanian et al. 2006). Such a result
has usually been followed by the question: “Which bacteria were the first phototrophs?” as asked by
Mulkidjanian et al. (2006), or “in which lineage did the gene duplication take place?” as questioned
by Sousa et al. (2013). Because cyanobacteria are the only known bacteria to display both types of
reaction centers, the above questions lead to the hypothesis that photosynthesis originated in
cyanobacteria or a protocyanobacterium. This interpretation is in conflict with phylogenomic data,
which consistently do not locate cyanobacteria as a particularly early branch in comparison with other
phototrophic groups (Ciccarelli et al. 2006; Segata et al. 2013; Marin et al. 2016). Therefore, the
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evidence at hand (Mulkidjanian et al. 2006; Sousa et al. 2013; Harel et al. 2015) might be better
reinterpreted as evidence for two distinct reaction centers as a trait of the ancestral populations of
photosynthetic bacteria. Today, this trait is retained, not acquired, in cyanobacteria. From this
perspective it can be deduced that this trait has been retained in cyanobacteria since the origin of
photosynthesis and was later transferred to photosynthetic eukaryotes after primary endosymbiosis.

Further and more direct evidence for the ancient origin of two distinct reaction centers in a
single ancestral bacterium is derived from the structure of Photosystem Il. The Mn4CaOs cluster of
Photosystem 1l is not only coordinated by the D1 core subunit, but the CP43 antenna subunit also
offers two ligands to the cluster: residue E354 coordinates two Mn atoms and R357 offers a hydrogen
bond to two of the p-0xo bridges. Site-directed mutagenesis of these two residues severely impairs the
water oxidation cycle (Hwang et al. 2007; Service et al. 2011). What is more, both the CP43 and
CP47 antennae play key roles in water and proton access into or out of the cluster. This means that the
tight cooperation of a Type | and a Type Il reaction center were required to evolve efficient water
oxidation; this is because CP43 and CP47 share a common origin with Type | reaction centers (Mix et
al. 2005), and for all intents and purposes are Type | reaction center proteins. From this observations |
deduce that in order to evolve the Mn,CaOs configuration of the cluster, a close interaction between
an ancestral Type | and ancestral Type Il reaction center was needed. Put in another way,
Photosystem 11 is structurally not just a Type Il reaction center, but more precisely, it is a chimera of
Type I and Type Il reaction centers.

The evolutionary link of the CP43 and the CP47 subunits with the core subunits of
Photosystem 11 goes deeper. The D1 and D2 core reaction center proteins coordinate each a peripheral
chlorophyll that allows excitation energy transfer from the core antenna to the reaction center dimer,
coordinated by homologous histidine ligands, D1-H118 and D2-H117. Figure 1 shows that these are
absent in anoxygenic Type Il reaction center proteins (L and M) but they have been retained in
Photosystem | and anoxygenic Type | reaction centers from heliobacteria and green sulfur bacteria
(Cardona 2015). I pointed out before that sequence and structural homology in this region strongly
suggest that these peripheral pigments are a trait present in the most ancestral photochemical reaction
centers before the divergence of Type | and Type Il reaction centers (Cardona 2016). Now, the fact
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that these pigments have been retained in Photosystem 11, as energy connectors between the reaction
center (Type Il) and the core antenna (Type I), argues definitively that the close interaction between
the two type of reaction centers is continuous since the origin of photosynthesis, throughout the early
diversification of Type | and Type Il reaction centers, and until the origin of the Mn,CaOs cluster in
Photosystem 11.

The origin of oxygenic photosynthesis required the evolution of two photosystems linked in
series to shuttle electrons from water to NADP* and to power the regeneration of ATP. But it also
meant that two linked photosystems were required to evolve Photosystem Il and the Mn,CaOs
cluster. If two reaction centers is a trait of the last common ancestor to all photosynthetic organism,
one question arises: what was the selective pressures at the earliest stage in the evolution of
photosynthesis driving the divergence of both reaction centers and the specialization of their
respective chemistries? Taking into consideration that: 1) there are no anoxygenic phototrophic
bacteria with two distinct types of reaction centers, 2) the two distinct types of reaction centers linked
in series is a unique trait of oxygenic photosynthesis, and 3) Photosystem Il itself, the water oxidizing
enzyme of oxygenic photosynthesis, is a chimera of the two distinct types of reaction centers: it is
starting to look increasingly likely that the oxidation of water to oxygen may have been this selective
pressure. If this is the case, it would place water oxidation early during the evolutionary history of
photosynthesis, which is consistent with geochemical evidence for oxidative elemental cycling by 3.7
Ga (Rosing and Frei 2004; Frei et al. 2016) and henceforward (Lyons et al. 2014).

It is a long standing paradigm that anoxygenic photosynthesis predates oxygenic
photosynthesis. | believe now there are multiple independent lines of evidence to start considering
seriously the possibility that the evolution of light-driven water oxidation may have been the main

driving force behind the origin and diversification of photosynthesis on Earth.
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Fig. 1 Structural comparison of Photosystem Il and Photosystem | core proteins. a The antenna
domain of Photosystem | and the antenna subunits of Photosystem Il are shown in blue, while the core
domain of PSI and the core subunits of PSII are shown in transparent grey and orange. The grey and
orange chlorophyll molecules shown in spheres are the peripheral chlorophylls Chlz and Chlp, also
known as ChlZp; and ChlZp,, which are coordinated from the second transmembrane helix of D1 and
D2, and the respective pair in Photosystem I. The bottom image shows an overlap of D2 and the core
domain of the PsaB subunit of Photosystem I. b Primary structure of the second transmembrane helix
of Type Il reaction center proteins and the homologous region in Type | reaction center proteins. L
and M represent Type Il reaction center core proteins from purple and green non-sulfur bacteria.
Several D1 and D2 subunits from cyanobacteria and a photosynthetic eukaryote (Arabidopsis
thaliana) were also included in the alignment. Representative D1 sequences are marked GO, G1, G2,
G3, and G4, for the different types of D1 as described by Cardona et al. (2015). A and B are
sequences from the PsaA and PsaB subunits of Photosystem | respectively, H represents the PshA
sequences of heliobacteria, and C represents the PscA subunits of green sulfur bacteria and the
acidobacterium Chloracidobacterium thermophilum. Overall the level of sequence identity between
the two types of reaction centers is low, yet there is conservation preserved in the primary and tertiary

structures. The red arrow highlights the ligating histidine that coordinates the peripheral chlorophylls
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