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Oxygenic Photosynthesis ––
Water as Fuel
John F. Allen
Research Department of Genetics, Evolution and Environment, University College London

How did photosystem I and photosystem II
reaction centres diverge from a common
ancestor AND eventually meet again – to
work together in the same membrane at
the same time...?

Trends in Plant Science

With atmospheric O2 low, O2 in aqueous solution stayed low as well [12,16]. Geochemical evidence
suggests that the oceans remained largely anoxic throughout the Proterozoic [4,12,16], with a rise to
modern oxygen levels starting around 580 MY ago [18] and in deep oceans perhaps as recently as only
430 MY ago [19] (Figure 1). The emergence of land plants and terrestrial carbon burial are implicated
in the eventual increase in atmospheric O2 near the beginning of the Phanerozoic Eon. Today, land
plants comprise roughly 97% of Earth’s surface biomass [20]. Their ecological success has been linked
to the late rise in O2 because terrestrial sequestration of organic carbon as fibrous biomass protects it
from reoxidation to CO2, curbing O2 consumption [19,21].
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Crystal structure of oxygen-evolving
photosystem II at a resolution of 1.9 Å
Yasufumi Umena1{*, Keisuke Kawakami2{*, Jian-Ren Shen2 & Nobuo Kamiya1{

Photosystem II is the site of photosynthetic water oxidation and contains 20 subunits with a total molecular mass of
350 kDa. The structure of photosystem II has been reported at resolutions from 3.8 to 2.9 Å. These resolutions have
provided much information on the arrangement of protein subunits and cofactors but are insufficient to reveal the
detailed structure of the catalytic centre of water splitting. Here we report the crystal structure of photosystem II at a
resolution of 1.9 Å. From our electron density map, we located all of the metal atoms of the Mn4CaO5 cluster, together with
all of their ligands. We found that five oxygen atoms served as oxo bridges linking the five metal atoms, and that four water
molecules were bound to the Mn4CaO5 cluster; some of them may therefore serve as substrates for dioxygen formation.
We identified more than 1,300 water molecules in each photosystem II monomer. Some of them formed extensive
hydrogen-bonding networks that may serve as channels for protons, water or oxygen molecules. The determination of
the high-resolution structure of photosystem II will allow us to analyse and understand its functions in great detail.
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Photosystem II (PSII) is a membrane protein complex located in the that this subunit has been lost during purification or crystallization,
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became prominent, light-driven formation of manganese oxides from dissolved Mn(2+) ions
may have played a key role in bioenergetics and possibly facilitated early geological manganese deposits. Here we report the biochemical evidence for the ability of photosystems to
form extended manganese oxide particles. The photochemical redox processes in spinach
photosystem-II particles devoid of the manganese-calcium cluster are tracked by visible-light
and X-ray spectroscopy. Oxidation of dissolved manganese ions results in high-valent Mn(III,
ARTICLE
IV)-oxide
nanoparticles of the birnessite type bound to photosystem II, with 50-100 manhttps://doi.org/10.1038/s41467-020-19852-0
ganese
ions per photosystem. HavingOPEN
shown that even today’s photosystem II can form
birnessite-type oxide particles efﬁciently, we propose an evolutionary scenario, which
involves manganese-oxide production by ancestral photosystems, later followed by downsizing of protein-bound manganese-oxide nanoparticles to ﬁnally yield today’s catalyst of
photosynthetic water oxidation.

Light-driven formation of manganese oxide by
today’s photosystem II supports evolutionarily
ancient manganese-oxidizing photosynthesis
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Robert L. Burnap 2, Ivelina Zaharieva 1, Dennis J. Nürnberg 1, Michael Haumann1 & Holger Dau

1✉

Water oxidation and concomitant dioxygen formation by the manganese-calcium cluster of
oxygenic photosynthesis has shaped the biosphere, atmosphere, and geosphere. It has been
hypothesized that at an early stage of evolution, before photosynthetic water oxidation
became prominent, light-driven formation of manganese oxides from dissolved Mn(2+) ions
may have played a key role in bioenergetics and possibly facilitated early geological manganese deposits. Here we report the biochemical evidence for the ability of photosystems to
form extended manganese oxide particles. The photochemical redox processes in spinach
photosystem-II particles devoid of the manganese-calcium cluster are tracked by visible-light
and X-ray spectroscopy. Oxidation of dissolved manganese ions results in high-valent Mn(III,
IV)-oxide nanoparticles of the birnessite type bound to photosystem II, with 50-100 manganese ions per photosystem. Having shown that even today’s photosystem II can form
birnessite-type oxide particles efﬁciently, we propose an evolutionary scenario, which2
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The origin of oxygenic photosynthesis is considered a turning p
in the history of life, marking the transition from the ancient worl
anaerobes into a productive aerobic world that permitted the emerge
of complex life [1]. Oxygenic photosynthesis starts with photosyste
(PSII), the water-oxidizing and O2-evolving enzyme of Cyanobact
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Fig. 9. Schematic representation of the evolution of reaction centre proteins as a function of time. The section of the tree that focuses on PSII and PSI shows the RC gene content of the cyanobacterium Chroococcidiopsis
https://doi.org/10.1016/j.bbabio.2021.148400
thermalis PCC 7203. These are the product of several ancient and more recent gene duplications starting before the MRCA of Cyanobacteria (blue dotes at node positions). It has been suggested that the type I and II

Photosystem I and photosystem II
reaction centres are Homologous

How did photosystem I and photosystem II
reaction centres diverge from a common
ancestor AND eventually meet again – to
work together in the same membrane at
the same time...?

The Redox Switch Hypothesis for the first
cyanobacterium and for the origin of
oxygenic photosynthesis
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Stromatolites....

Cenozoic Landscape
Stromatolites at Hamelin Pool, Western Australia
Photograph 4 October 2007 by Catherine Colas des Francs-Small, The University of Western Australia

(d)

Knoll AH, Bergmann KD, Strauss JV. 2016 Life: the first two billion
years. Phil. Trans. R. Soc. B 371: 20150493.

Figure 3. Stromatolites interpreted as evidence for microbial life in Archean
rocks. (a) Irregular and conoidal stromatolites in carbonates of the 3450 Ma
Strelley Pool Formation, Warrawoona Group, Western Australia; (b) a second
view of Strelley Pool carbonate, showing the prevalence of decimeter-scale (originally) aragonite crystals growing upward from the seafloor (white arrow) in
close association with precipitated stromatolites (black arrow); (c) laminated seafloor precipitates in the Strelley Pool Formation that blur the lines between
biogenic and physically generated laminites; and (d) unambiguously biogenic
stromatolite in the approximately 2720 Ma Tumbiana Formation, Fortescue
Group, Western Australia. Ruler in (a) is 15 cm; scale bar in (b) is 20 cm for
(b), 4 cm for (c) and 15 cm for (d). (Online version in colour.)

Phil. Trans. R. Soc. B 371: 20150493

(b)

4

observations show that anoxygenic autotrophs can accrete
stromatolites [52,53], and so early structures may have had
little to do with cyanobacteria. Tice et al. [54] argued that a
Late Archean increase in the estimated tensile strength and
cohesion of microbial mats reflects the global expansion
of cyanobacterial mat-builders. Such investigations point the
way towards more nuanced textural investigations that may
enable cyanobacterial mats to be differentiated from those

R. Soc. B 371: 20150493

(a)

carbon cycle was most probably fuelled by photosynthesis.
Observed fractionations are consistent with Rubsico-based fixation, but the Wood–Ljungdahl pathway may also have been
important in early ecosystems [35]. Strongly 13C-depleted
organic matter in some Late Archean successions suggests an
additional, time-bounded influence of methanogenesis and
methanotrophy on isotopic composition [36]. The C isotopic
composition of graphite in 3700–3800 Ma metasedimentary
rocks from Greenland [37] and tiny graphite inclusions within
a 4100 Ma zircon [38] potentially push biology still deeper
into the past, but a lack of context, especially for the zircon
inclusions, makes it difficult to eliminate abiotic alternatives.
The Archean record of sulfur isotopes is challenging to interpret because photochemical processes in the anoxic Archean
atmosphere imparted strong isotopic signatures to sulfur
species that were later incorporated into Archean sedimentary
deposits [39]. Careful measurements of all four stable S isotopes
(c)
show that Archean photochemical processes fractionated S isotopes in a mass-independent manner, establishing a necessary
framework for evaluating potential biological fractionation.
Studies of co-occurring barite and organic-associated sulfur
support the conclusion that biological processes, including
both dissimilatory sulfate reduction [40] and sulfur disproportionation [41], contributed to the S isotopic record observed in
(d)
Archean sedimentary rocks. Documenting
a biological nitrogen
cycle may be most challenging of all, but Stüeken et al. [42] interpret distinctive d15N signatures in terms of biological nitrogen
fixation as early as approximately 3200 Ma.
Stromatolites occur in carbonate rocks deposited throughout the Archean Eon, and those younger than about
approximately 3000 Ma have textural features reliably associated with microbial trapping and binding in younger rocks
(figure 3d, [31,43]). Microbial textures also occur on sandstone

rstb.royalsocietypublishing.org
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Hypothesis
How the protocyanobacterium
made Archaean stromatolites

Protocyanobacterium
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A model for seeding of stromatolites.
Two modes of photosynthetic metabolism in a single organism – the Protocyanobacterium
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Left (green box); H2S is exhaled from a hydrothermal vent or fissure, accumulates,
and serves as an electron donor to type I photosynthesis in photoautotrophic
growth.

H2S

H2S

H2S

Right (purple box): H2S is washed away by dilution caused by tidal action or rainfall,
leaving type II, photoheterotrophic growth, using organic compounds (grey) that
accumulated as products of photosynthesis in the previous stage

A model for formation and growth of stromatolites.
Two modes of photosynthetic metabolism in a single organism – the Protocyanobacterium
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Sequential concentration and dilution of hydrothermally-derived H2S results in alternation of type I and type II
photosynthesis, and in alternation of photoautotrophy and photoheterotrophy. Sequential deposition of layers of
cellular material from each mode of metabolism produces a laminar substrate that raises the growing microbial mat
incrementally nearer to the surface of the water and source of light.

Allen JF (2016) A Proposal for Formation of Archaean Stromatolites before the Advent of Oxygenic Photosynthesis.
Front. Microbiol. 7:1784. doi: 10.3389/fmicb.2016.01784
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