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Opinion

Nitrogenase Inhibition Limited Oxygenation of
Earth’s Proterozoic Atmosphere
John F. Allen,1,4,5,@,* Brenda Thake,2 and William F. Martin3

Cyanobacteria produced the oxygen that began to accumulate on Earth 2.5 billion years ago, at

the dawn of the Proterozoic Eon. By 2.4 billion years ago, the Great Oxidation Event (GOE)

marked the onset of an atmosphere containing oxygen. The oxygen content of the atmosphere

then remained low for almost 2 billion years. Why?Nitrogenase, the sole nitrogen-fixing enzyme

on Earth, controls the entry of molecular nitrogen into the biosphere. Nitrogenase is inhibited in

air containing more than 2% oxygen: the concentration of oxygen in the Proterozoic atmo-

sphere. We propose that oxygen inhibition of nitrogenase limited Proterozoic global primary

production. Oxygen levels increased when upright terrestrial plants isolated nitrogen fixation

in soil from photosynthetic oxygen production in shoots and leaves.

Earth’s Great Oxidation Event

Oxygen gas is a classic example of life changing Earth: from a fully inhabited but anoxic planet to today’s

green, rich biosphere in an atmosphere containing 21% O2 by volume. The history of life is closely tied to

the history of O2 accumulation. Cyanobacteria (see Glossary), prokaryotes with two photochemical reac-

tion centres acting in series, first generated the O2 we breathe [1–3]. The history of O2 accumulation is

key to understanding its impact on evolution [4]. Because life on land only goes back about 450 or 500

million years (MY) [5–8], almost 90% of biological evolution took place in subsurface [9] and aquatic envi-

ronments. Current views of oxygen in Earth’s history (Figure 1) depict the first traces of O2 appearing in

the oceans starting about 2.7 to 2.5 gigayears (Gyr) ago [4,9–11]. The Great Oxidation Event (GOE),
roughly 2.4 billion years ago [12–15], marked the end of the Archaean and began the third Eon of Earth’s

history, theProterozoic, which lasteduntil the beginningof theCambrianperiodat 541MYago. Following

the GOE, O2 rose to only 10% of its present atmospheric level (PAL), and stayed there for most of the Pro-

terozoic. Thus, the Proterozoic atmosphere contained roughly 2%O2 by volume [1,12,16] or less [4,17]. Iso-

topic studies indicate that for perhaps 2 billion years following the comparatively suddenGOE, further net

O2 accumulation ceased, with atmospheric levels remaining stable at no more than 10% PAL [12,16] and

possibly as little as 0.001% PAL [4].

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 580MY 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].

What Limited Oxygen Accumulation during the Boring Billion?

A major puzzle of Earth’s history is why O2 rose so late, that is, why atmospheric and marine O2 levels

remained low for almost 2 billion years, fully half of life’s history, despite the existence of cyanobac-

teria, which were capable of producing enough O2 to change the planet. What held cyanobacteria

back, and why did O2 not accumulate linearly following the GOE? The search for the cause of persis-

tent low oxygen during the Proterozoic, or ‘the boring billion’ as it is sometimes called [22], is a search

for the factors or mechanisms that limited O2 accumulation.

Geochemists have long recognised that Proterozoic O2 stasis presents a problem and have proposed

a number of explanations to account for the delayed oxygen rise. The proposals fall broadly into three
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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
350kDa. 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. Fromour electrondensitymap,we located all of themetal atomsof theMn4CaO5 cluster, togetherwith
all of their ligands.We found that five oxygen atoms servedasoxobridges linking the fivemetal atoms, and that fourwater
molecules were bound to the Mn4CaO5 cluster; some of themmay 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.

Photosystem II (PSII) is a membrane protein complex located in the
thylakoid membranes of oxygenic photosynthetic organisms, and per-
forms a series of light-induced electron transfer reactions leading to the
splitting of water into protons and molecular oxygen. The products of
PSII, namely chemical energy and oxygen, are indispensable for sustain-
ing life on Earth. PSII from cyanobacteria is composed of 17 transmem-
brane subunits, three peripheral proteins and anumber of cofactors,with
a totalmolecularweightof 350 kDa.The light-inducedoxidationofwater
is catalysedby aMn4Ca cluster that cycles through several different redox
states (Si, i5 0–4) on extraction of each electron by the PSII reaction
centre, P6801,2. When four electrons and four protons are extracted from
two molecules of water, one molecule of dioxygen is formed. The struc-
ture of PSII has been solved at resolutions from3.8 to 2.9 Å in two closely
related thermophilic cyanobacteria, Thermosynechococcus elongatus3–5

and Thermosynechococcus vulcanus6. These structural studies provided
the arrangement of all of the protein subunits and the locations of chlor-
ophylls and other cofactors, and formed a basis for further investigations
into the functions of PSII. However, the resolution achieved so far is not
high enough to reveal the structure of theMn4Ca cluster, the locations of
substrate water molecules, or the precise arrangement of the amino-acid
side chains and cofactors that may have significant mechanistic conse-
quences for the energy, electron and proton transfer reactions. We have
improved the resolution of the PSII crystals from T. vulcanus to 1.9 Å
and analysed their structure (Methods, Supplementary Fig. 1 and Sup-
plementary Table 1). This analysis provides many more details of the
structure and of the coordination environments of the Mn4Ca cluster
and other cofactors than were previously available, and reveals the pres-
ence of a vast number of water molecules; these results may greatly
advance our understanding of the energy, electron, proton transfer
and water-splitting reactions taking place in PSII.

Overall structure
The overall structure is shown in Fig. 1. Every PSII monomer contains
19 protein subunits, among which PsbY was not found, suggesting

that this subunit has been lost during purification or crystallization,
presumably owing to its loose association with PSII4–8. The Ca super-
position of our PSII dimer with the structure reported at a resolution
of 2.9 Å (ref. 5) yielded a root mean square deviation of 0.78 Å, indi-
cating that the overall structure determined at the lower resolution is
well preserved in the present structure.
In addition to the protein subunits, there were 35 chlorophylls, two

pheophytins, 11 b-carotenes, more than 20 lipids, two plastoqui-
nones, two haem irons, one non-haem iron, four manganese atoms,
three or four calcium atoms (one of which is in the Mn4Ca cluster),
three Cl2 ions (two of which are in the vicinity of the Mn4Ca cluster),
one bicarbonate ion and more than 15 detergents in a monomer
(Supplementary Table 2). Within each PSII monomer, more than
1,300 water molecules were found, yielding a total of 2,795 water
molecules in the dimer (Fig. 1a and Supplementary Table 1). As
shown in Fig. 1b, the water molecules were organized into two layers
located on the surfaces of the stromal and lumenal sides, respectively,
with the latter having more water molecules than the former. A few
water molecules were found within the membrane region, most of
them serving as ligands to chlorophylls (see below). In the following,
we describe the detailed structure and functions of the Mn4CaO5
cluster, as well as other cofactors, mainly on the basis of the structure
of one of the twomonomers, monomer A (chains labelled with capital
letters in the accompanying Protein Data Bank file). There were some
slight structural differences between the two monomers within the
dimer; however, most of them are not related to the critical functions
of PSII.

Structure of the Mn4CaO5 cluster
The electron densities of the four manganese atoms and the single
calcium atom in the oxygen-evolving complex were well defined and
clearly resolved, and the electron density for the calcium atom was
lower than those of the manganese atoms, allowing us to identify the
individual atoms unambiguously4,5 (Fig. 2a). In addition, five oxygen

*These authors contributed equally to this work.

1Department of Chemistry, Graduate School of Science, Osaka City University, 3-3-138 Sugimoto, Sumiyoshi, Osaka 558-8585, Japan. 2Division of Bioscience, Graduate School of Natural Science and
Technology/Faculty of Science; OkayamaUniversity, Okayama 700-8530, Japan. {Present addresses: Institute for Protein Research, Osaka University, Suita, Osaka 565-0871, Japan (Y.U.); Department of
Chemistry, Graduate School of Science, Osaka City University, 3-3-138 Sugimoto, Sumiyoshi, Osaka 558-8585, Japan (K.K.); The OCU Advanced Research Institute for Natural Science and Technology
(OCARINA), Osaka City University, 3-3-138 Sugimoto, Sumiyoshi, Osaka 558-8585, Japan (N.K.).
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atoms were found to serve as oxo bridges linking the five metal atoms
from the omit map (Fig. 2a). This gives rise to a Mn4CaO5 cluster. Of
these five metals and five oxygen atoms, three manganese, one cal-
cium and four oxygen atoms form a cubane-like structure in which
the calcium and manganese atoms occupy four corners and the
oxygen atoms occupy the other four. The bond lengths between the
oxygens and the calcium in the cubane are generally in the range of
2.4–2.5 Å, and those between the oxygens and manganeses are in the
range of 1.8–2.1 Å (Fig. 2b). However, the bond length between one of
the oxygens at the corner of the cubane (O5) and the calcium is 2.7 Å,
and those between O5 and the manganeses are in the range of
2.4–2.6 Å. Owing to these differences in bond lengths, the
Mn3CaO4 cubane is not an ideal, symmetric one.
The fourth manganese (Mn4) is located outside the cubane and is

linked to two manganeses (Mn1 and Mn3) within the cubane by O5
and the fifth oxygen (O4) by a di-m-oxo bridge. In this way, every two
adjacent manganeses are linked by di-m-oxo bridges: Mn1 and Mn2
are linked by a di-m-oxo bridge via O1 and O3, Mn2 and Mn3 are
linked via O2 and O3, and Mn3 and Mn4 are linked via O4 and O5.
The calcium is linked to all four manganeses by oxo bridges: to Mn1
via the di-m-oxo bridge formed by O1 and O5, toMn2 via O1 and O2,
to Mn3 via O2 and O5, and to Mn4 via the mono-m-oxo bridge
formed by O5. The whole structure of theMn4CaO5 cluster resembles
a distorted chair, with the asymmetric cubane serving as the seat base
and the isolated Mn4 and O4 serving as the back of the chair. The

cubane-like structure has been reported previously4,9–12, but the oxo
bridges and exact distances among the individual atoms could not be
determined at the medium resolution achieved previously4.
The distances among the fourmanganeses determined formonomer

A are 2.8 Å (Mn1–Mn2), 2.9 Å (Mn2–Mn3), 3.0 Å (Mn3–Mn4; 2.9 Å
for monomer B), 3.3 Å (Mn1–Mn3) and 5.0 Å (Mn1–Mn4) (Fig. 2c).
The distances between the calcium and the four manganeses are 3.5 Å
(Ca–Mn1), 3.3 Å (Ca–Mn2), 3.4 Å (Ca–Mn3) and 3.8 Å (Ca–Mn4)
(Fig. 2d; for the correspondingdistances inmonomerB and the average
distances between the two monomers, see Supplementary Table 3).
These distances are largely different fromthose reported in the previous
crystal structures3–6; however, they are comparable to those reported
fromextendedX-ray absorption fine structure studies13,14 ifwe consider
that there is an error of 0.16 Å in the distances determined from the
X-ray structural analysis (Methods).
In addition to the five oxygens, four water molecules (W1 to W4)

were found to be associated with the Mn4CaO5 cluster, of which W1
and W2 are coordinated to Mn4 with respective distances of 2.1 and
2.2 Å, andW3 andW4 are coordinated to the calcium with a distance
of 2.4 Å. No other water molecules were found to associate with the
other three manganeses, suggesting that some of the four waters may
serve as the substrates for water oxidation.
All of the amino-acid residues coordinated to theMn4CaO5 cluster

were identified (Fig. 2e and Supplementary Table 4). Of these, D1-
Glu 189 (D1 is one of the reaction centre subunits of PSII), served as a
monodentate ligand to Mn1, which contradicts a previous report
showing that it serves as a bidentate ligand5. All of the remaining five
carboxylate residues served as bidentate ligands: D1-Asp 170 as a
ligand to Mn4 and Ca, D1-Glu 333 to Mn3 and Mn4, D1-Asp 342
toMn1 andMn2, D1-Ala 344 (the carboxy-terminal residue of D1) to
Mn2 and Ca, and CP43-Glu 354 to Mn2 andMn3 (CP43 is one of the
core antenna subunits of PSII). In addition, D1-His 332 is coordinated
to Mn1, whereas D1-His 337 is not directly coordinated to the metal
cluster. Most of the distances of the ligands to manganeses are in the
range of 2.0–2.3 Å; the two shortest distances are 1.9 Å, between D1-
Glu 189 and Mn1, and 2.0 Å, between D1-Ala 344 and Mn2 (Sup-
plementary Table 3). The distances of two carboxylate ligands to
the calcium, D1-Asp 170 and D1-Ala 344, are slightly longer (2.3–
2.4 Å) than the ligand distances to the manganeses (Supplementary
Table 3). Combiningwith the oxo bridges andwaters, these give rise to
a saturating ligand environment for the Mn4CaO5 cluster: each of the
four manganeses has six ligands whereas the calcium has seven
ligands (Supplementary Table 4). The ligation pattern and the geo-
metric positions of the metal atoms revealed in the present structure
may have important consequences for the mechanisms of water split-
ting and O–O bond formation.
In addition to the direct ligands of the Mn4CaO5 cluster, we found

that D1-Asp 61, D1-His 337 and CP43-Arg 357 are located in the
second coordination sphere and may have important roles in main-
taining the structure of the metal cluster, in agreement with various
reports showing the importance of these three residues inmaintaining
the oxygen-evolving activity15–19. One of the guanidiniumg-nitrogens
of CP43-Arg 357 is hydrogen-bonded to both O2 and O4 of the
Mn4CaO5 cluster, whereas the other is hydrogen-bonded to the
carboxylate oxygen of D1-Asp 170 and to that of D1-Ala 344. The
imidazole e-nitrogen of D1-His 337 is hydrogen-bonded to O3.
These two residuesmay thus function to stabilize the cubane structure
of the metal cluster as well as to provide partial positive charges to
compensate for the negative charges induced by the oxo bridges and
carboxylate ligands of the metal cluster. The carboxylate oxygen of
D1-Asp 61 is hydrogen-bonded to W1, and also to O4 indirectly
through another water molecule, suggesting that this residuemay also
contribute to stabilizing the metal cluster. Furthermore, D1-Asp 61 is
located at the entrance of a proposed proton exit channel involving a
chloride ion (Cl21; see below), suggesting that this residue may func-
tion in facilitating proton exit from the Mn4CaO5 cluster5,20,21.

a

b

CP47

33 kDA
12 kDA

CP43

Cyt. c550

D1 D2

Figure 1 | Overall structure of PSII dimer from T. vulcanus at a resolution
of 1.9 Å. View from the direction perpendicular to the membrane normal.
a, Overall structure. The protein subunits are coloured individually in the right-
hand monomer and in light grey in the left-hand monomer, and the cofactors
are coloured in the left-hand monomer and in light grey in the right-hand
monomer. Orange balls represent water molecules. b, Arrangement of water
molecules in the PSII dimer. The protein subunits are coloured in light grey and
all other cofactors are omitted. The central broken lines are the non-
crystallographic two-fold axes relating the two monomers.
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WATER OXIDATION

An oxyl/oxo mechanism for oxygen-oxygen coupling
in PSII revealed by an x-ray free-electron laser
Michihiro Suga1,2*†, Fusamichi Akita1,2*, Keitaro Yamashita3‡, Yoshiki Nakajima1, Go Ueno3,
Hongjie Li1,4, Takahiro Yamane1, Kunio Hirata3, Yasufumi Umena1, Shinichiro Yonekura1,
Long-Jiang Yu1, Hironori Murakami5, Takashi Nomura3,4, Tetsunari Kimura6, Minoru Kubo3,4,
Seiki Baba5, Takashi Kumasaka5, Kensuke Tono3,5, Makina Yabashi3,5, Hiroshi Isobe1,
Kizashi Yamaguchi7,8, Masaki Yamamoto3, Hideo Ago3†, Jian-Ren Shen1†

Photosynthetic water oxidation is catalyzed by the Mn4CaO5 cluster of photosystem II (PSII)
with linear progression through five S-state intermediates (S0 to S4). To reveal the
mechanism of water oxidation, we analyzed structures of PSII in the S1, S2, and S3 states
by x-ray free-electron laser serial crystallography. No insertion of water was found in S2, but
flipping of D1 Glu189 upon transition to S3 leads to the opening of a water channel and provides
a space for incorporation of an additional oxygen ligand, resulting in an open cubane Mn4CaO6

cluster with an oxyl/oxo bridge. Structural changes of PSII between the different S states reveal
cooperative action of substrate water access, proton release, and dioxygen formation in
photosynthetic water oxidation.

O
xygenic photosynthesis by plants, algae,
and cyanobacteria converts light energy
from the sun into chemical energy in the
form of sugar and concurrently releases
dioxygen into the atmosphere, thereby

sustaining all aerobic life on Earth. The first
reaction in oxygenic photosynthesis occurs in
PSII, which harbors the oxygen-evolving com-
plex (OEC) that catalyzes stepwise oxidation of
water through the S-state cycle (Si), which in-
cludes the ground state S0 and four oxidized
intermediates, S1 to S4 (1, 2). Dioxygen is gen-
erated in the final step of the S-state transition
S3→(S4)→S0 (3). The OEC contains a Mn4CaO5

cluster organized in a distorted-chair form,
in which an external Mn is attached to a
Mn3CaO4 cubane by two m-oxo O4 and O5
atoms (4, 5). In the OEC, a m-oxo O5 has
unusually long distances from the nearby Mn
ions, suggesting weak binding and higher re-
activity. O5 may thus serve as one of the
substrates for O=O bond formation (1, 2, 4–10).
Time-resolved, pump-probe x-ray free electron
laser crystallographic analysis of PSII in the S3
state at 2.35-Å resolution showed an incorpo-
ration of an oxygen O6 into the OEC in the
vicinity of O5, supporting a dioxygen forma-
tion mechanism between O5 and O6 (11). This
reaction can proceed via either (i) an oxyl/oxo
radical coupling (12), (ii) a nucleophilic attack
reaction mechanism (13), or (iii) a peroxide
intermediate mechanism (14). Owing to the

limited resolution of the S3-state structure,
however, the chemical entity of the oxo inter-
mediates (superoxo, peroxo, oxyl/oxo, and
hydroxo/oxo) has not been identified, therefore
the reaction mechanism was not determined
unambiguously.

The OEC is located at a node of five water
channels (4) (Fig. 1) involved in proton release,
balancing the net charge of the OEC, and inlet
of substrate water (1, 15). Dislocation of water
W665 in the O4 channel upon progress of the
Si state results in closure of the 15-Å-long,
water-mediated hydrogen bonding network
(11, 16). We previously attributed this struc-
tural change to a proton release through the
O4 channel, whereas others have argued that
W665 serves as the source of the O6 atom
involved inO=O bond formation (17, 18). Lack
of a high-resolution structure of the S2 state
has contributed to uncertainty about the struc-
tural changes leading to or from this state. To
address these issues, we fixed PSII in the S1, S2,
and S3 states, and the triply flashed (3F) state
by a cryo-trapping method with microcrystals
of PSII from the thermophilic cyanobacterium
Thermosynechococcus vulcanus. Structures at
2.15- to 2.50-Å resolution using fixed-target
serial femtosecond crystallography (SFX)
are consistent with the structures at room
temperature determined previously (11, 16)
but allow more accurate determination of
interatomic distances in the OEC, reveal-
ing the chemical entity of the intermediate
O5 and O6 species and the corresponding
changes in the protein-ligand environment
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Fig. 1. Water
networks in PSII.
Five hydrogen-bonded
water networks
surround the OEC
(PDB ID 4UB6) (5).
The upper-bound
distance for the
hydrogen bonds
shown is 3.3 Å. CL1
and CL2 represent
chloride ions found
near the OEC.
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WATER OXIDATION

An oxyl/oxo mechanism for oxygen-oxygen coupling
in PSII revealed by an x-ray free-electron laser
Michihiro Suga1,2*†, Fusamichi Akita1,2*, Keitaro Yamashita3‡, Yoshiki Nakajima1, Go Ueno3,
Hongjie Li1,4, Takahiro Yamane1, Kunio Hirata3, Yasufumi Umena1, Shinichiro Yonekura1,
Long-Jiang Yu1, Hironori Murakami5, Takashi Nomura3,4, Tetsunari Kimura6, Minoru Kubo3,4,
Seiki Baba5, Takashi Kumasaka5, Kensuke Tono3,5, Makina Yabashi3,5, Hiroshi Isobe1,
Kizashi Yamaguchi7,8, Masaki Yamamoto3, Hideo Ago3†, Jian-Ren Shen1†

Photosynthetic water oxidation is catalyzed by the Mn4CaO5 cluster of photosystem II (PSII)
with linear progression through five S-state intermediates (S0 to S4). To reveal the
mechanism of water oxidation, we analyzed structures of PSII in the S1, S2, and S3 states
by x-ray free-electron laser serial crystallography. No insertion of water was found in S2, but
flipping of D1 Glu189 upon transition to S3 leads to the opening of a water channel and provides
a space for incorporation of an additional oxygen ligand, resulting in an open cubane Mn4CaO6

cluster with an oxyl/oxo bridge. Structural changes of PSII between the different S states reveal
cooperative action of substrate water access, proton release, and dioxygen formation in
photosynthetic water oxidation.

O
xygenic photosynthesis by plants, algae,
and cyanobacteria converts light energy
from the sun into chemical energy in the
form of sugar and concurrently releases
dioxygen into the atmosphere, thereby

sustaining all aerobic life on Earth. The first
reaction in oxygenic photosynthesis occurs in
PSII, which harbors the oxygen-evolving com-
plex (OEC) that catalyzes stepwise oxidation of
water through the S-state cycle (Si), which in-
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intermediates, S1 to S4 (1, 2). Dioxygen is gen-
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water-mediated hydrogen bonding network
(11, 16). We previously attributed this struc-
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of PSII from the thermophilic cyanobacterium
Thermosynechococcus vulcanus. Structures at
2.15- to 2.50-Å resolution using fixed-target
serial femtosecond crystallography (SFX)
are consistent with the structures at room
temperature determined previously (11, 16)
but allow more accurate determination of
interatomic distances in the OEC, reveal-
ing the chemical entity of the intermediate
O5 and O6 species and the corresponding
changes in the protein-ligand environment
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mechanisms for O=O bond formation. In 

2016, a study reported a room-temperature 

structure of PSII following two light flashes, 

hence enriched in the S
3
 state of the OEC 

(11). It reported no new S
3
-state electron den-

sity around Mn1, as one would expect for a 

newly bound water. This result directly con-

flicts with the proposed Siegbahn model and 

EPR studies. Shortly following this study, 

another group reported an S
3
 structure with 

new electron density near Mn1 and O5 that 

was assigned to a newly bound oxygen (O6) 

(12). This was considered support for the S
3
-

insertion substrate water model. However, 

the study showed close proximity (0.15 nm) 

between O5 and O6, consistent with O-O 

bond formation producing a peroxide at the 

S
3
 state, which would in turn be associated 

with Mn reduction in the S
2
-to-S

3
 transition. 

This is in conflict with EPR and x-ray spec-

troscopic data (3, 9, 14, 15). A more recent 

study reports a new oxygen “Ox” bound both 

to Mn1 and the Ca ion of the OEC (13), and 

with a 0.21 nm distance to O5, much longer 

than the reported 0.15 nm (12) and too long 

to represent the O-O bond of a peroxide.

Suga et al. have now cryotrapped serially 

flashed microcrystals of PSII with the goal 

of achieving more accurate interatomic dis-

tances, especially between O5 and O6. In 

the S
2
 state, they observed an open cubane 

structure with a five-coordinate Mn1. At the 

S
3
 state, a flip in the side chain of the mono-

dentate carboxylate ligand Glu189 (12) pro-

vides room for O6 to insert and bind to Mn1 

and Ca. To address the crucial O5-O6 dis-

tance, Suga et al. calculated difference maps 

as a function of modeled O5-O6 distance and 

found the smallest residual density at a dis-

tance of about 0.19 nm. Their full residual 

density analysis suggests an oxyl/oxo pairing 

for O5 and O6, which they consider evidence 

for an oxyl/oxo coupling mechanism in the 

O=O bond formation at the final S
4
 state. 

Glu189 appears to gate water insertion into the 

OEC from the “O1” water channel of the PSII 

reaction center.

Although there are still open questions as 

to the detailed assignments of substrate wa-

ters and the exact modes of water oxidation 

and O=O bond formation, the results from 

different studies are starting to converge, and 

the structural results appear to be closely in 

line with mechanistic proposals supported by 

computational chemistry and spectroscopy. 

The field anxiously awaits possible time-

resolved structures detailing the O=O bond 

formation through the S
4
-to-S

0
 transition. j
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NEUROSCIENCE

Spikes in the 
sleeping brain
Memory is replayed and 
consolidated under low 
background noise during 
deep sleep

By Yuji Ikegaya1,2 and Nobuyoshi Matsumoto1 

M
emories of recent experiences are 

transferred and fixed in long-term 

storage in the neocortex during 

sleep. A key aspect of this process 

is the occurrence of ripples, which 

are high-frequency oscillations in 

neuronal activity in the hippocampus (1, 

2). Ensembles of hippocampal neurons that 

have been activated during an experience 

emit synchronized neuronal activity (spikes) 

during ripples in subsequent sleep (3). These 

“replayed” memories propagate to the neo-

cortex during slow-wave states (4), which are 

characterized by alternating “bright” states 

with active neurons and “dark” states, called 

delta waves, without active neurons (5). Re-

searchers reasoned that hippocampal-corti-

cal dialogue occurs during the bright states 

and that delta waves represent intermittent 

neocortical “sleep” to recover from synaptic 

fatigue (6) or increased potassium conduc-

tance (7) and have no active function. On 

page 377 of this issue, Todorova and Zugaro 

(8) challenge this view, demonstrating that 

a small number of neurons are reactivated 

during delta waves.

Todorova and Zugaro recorded activity, 

both spikes from multiple neurons and lo-

cal field potentials, simultaneously in the 

rat dorsal hippocampus and the medial 

prefrontal cortex, which is believed to store 

long-term memories. They reconfirmed that 

the prefrontal cortex becomes inactive dur-

ing each delta-wave epoch but also discov-

ered that a few neurons remain active and 

occasionally emit synchronous spikes dur-

ing delta waves (which they called “delta 

spikes”) (see the figure). The neurons re-

corded in this study constitute only a small 

portion of the total cells in the prefrontal 

cortex. Thus, it is important to ask how fre-

quently delta spikes occur. The local field 
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reaction center.
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and O=O bond formation, the results from 
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line with mechanistic proposals supported by 
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Light-driven formation of manganese oxide by
today’s photosystem II supports evolutionarily
ancient manganese-oxidizing photosynthesis
Petko Chernev1,3, Sophie Fischer1, Jutta Hoffmann1, Nicholas Oliver1, Ricardo Assunção1, Boram Yu1,
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 man-

ganese 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 man-

ganese ions per photosystem. Having 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 down-

sizing of protein-bound manganese-oxide nanoparticles to finally yield today’s catalyst of

photosynthetic water oxidation.
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extrinsic proteins and therefore could accommodate a Mn-oxide
nanoparticle. Furthermore, an ancient autotroph, capable of
exploiting Mn2+ as a metabolic reductant32,33, would be expected
to be configured so that the donor side of the early PSII ancestor

would be exposed to the environment as opposed to being
sequestered within the lumen of modern thylakoids. In this
context, the cyanobacterium Gloeobacter violaceous provides an
interesting example. Gloeobacter occupies a basal phylogenetic
position and evolved before the appearance of thylakoids. It
possesses photosynthetic reaction centers that are located in the
cytoplasmic membrane with the oxidizing domain of PSII facing
the periplasmic space and thus the exterior of the cell53. Thus
Gloeobacter provides an example of how a primordial reaction
center might have been arranged to facilitate the photochemical
utilization of Mn2+ as a reductant source, as originally proposed
by Zubay32.

Relation to water-oxidizing synthetic Mn oxides. Birnessite and
buserite are layered, typically non-crystalline metal-oxides with
sheets of edge-sharing MnO6 octahedra (which corresponds to di-
µ-oxo bridging between neighboring Mn ions) separated by water
and cations, e.g., Na+ or Ca2+, in the interlayer space44,45,54.
Birnessite and buserite differ regarding the number of water-
cation layers in between two oxide layers (one in birnessite, two in
buserite), but share the same fundamental structure of the Mn(III,
IV) oxide layers and thus are often jointly denoted as birnessite-
type Mn oxides. Notably, a Mn oxide denoted as ranciéite is
isostructural to birnessite and contains Mn and Ca ions at
approximately the same 4:1 stoichiometry as present in the
Mn4CaO5 cluster of PSII55, suggesting a possible relation27,56–58.
Birnessite-type Mn oxides are a major component of Mn-oxide
ocean nodules44 and biogenic Mn oxides59. Their diagenetic
reductive conversion to Mn-bearing carbonates, on geological
time scales, may explain the early Mn deposits reported by
Johnson et al.33. Notably, by electrodeposition and other synthesis
protocols, Mn(III/IV) oxides of the birnessite type can be formed
that are either active or largely inactive in water oxidation,
depending on their atomic structure21,22,25,47,60,61. These Mn(III/
IV) oxides share key features with the Mn4CaO5 cluster of the
biological catalyst, including joint structural motifs and facile
oxidation state changes during catalytic operation24. The presence
of Ca ions is especially favorable for water oxidation activity by
synthetic manganese oxides, pointing towards similar water-
oxidation mechanisms in the synthetic oxides and the biological
Mn4CaO5 cluster of PSII21,22,25,62. Regarding their high degree of
structural order, the Mn-oxide particles formed by PSII resemble
electrodeposited Mn oxides that are able to undergo Mn(III)—
Mn(IV) redox transitions, but exhibit low electrochemical water
oxidation activity24. The structural characteristics that have been
identified for transforming a largely inactive Mn oxide into an
oxide with sizeable water-oxidation activity24 are apparently
lacking in the Mn- oxide particles formed by PSII, which may
explain the absence of detectable water-oxidation activity by the
herein investigated PSII-bound Mn-oxide particle.

Mechanism of Mn-oxide formation. The basic biochemical
mechanism of the here described light-induced Mn-oxide for-
mation likely involves the initial binding of Mn2+ ions followed
by Mn oxidation and stabilization of the oxidized Mn(III/IV) ions
by di-µ-oxo bridging, in analogy to both the photoassembly
process of today’s Mn4CaO5 cluster19,20 and the oxidative self-
assembly process in the electrodeposition of non-biological bir-
nessite-type Mn oxides25,47. The formation of extended oxide
particles likely involves a nucleation-and-growth mechanism. In
the photosystem, the initial site of Mn2+ binding and formation
of an oxide nucleus likely is provided by carboxylate and possibly
imidazole sidechains of protein residues followed by an oxide
growth that does not require further ligating residues.
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Fig. 6 Evolution of oxygenic photosynthesis and relation to geological
Mn-oxide deposits. a Structural model of a birnessite fragment with 64 Mn
ions (based on published atomic coordinates, protons were added for
illustration only). Atom color coding: violet, Mn(III/IV) ions; red, O or OH;
green, Ca2+; gray, H. b Proposed sequence of evolutionary events.
(1) Starting from an early anoxygenic photosystem in a cyanobacterial
ancestor, either with a low-potential or a high-potential primary donor,
(2) a variant with suitable donor potential (PHP) and metal-binding site
facilitated Mn2+ oxidation to generate protein-bound Mn(III,IV)-oxide
clusters, which upon sedimentation contributed to geological Mn-oxide
deposits. (3) The PSII-bound clusters developed into primordial water-
oxidizing and O2-evolving catalytic complexes, which, (4) due to a
dedicated binding site, were down-sized to the present Mn4CaO5 catalyst.
At some point, Mn-oxide particles also may have been involved in a quasi-
respiratory cycle.
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A B S T R A C T   

Oxygenic photosynthesis starts with the oxidation of water to O2, a light-driven reaction catalysed by photo-
system II. Cyanobacteria are the only prokaryotes capable of water oxidation and therefore, it is assumed that the 
origin of oxygenic photosynthesis is a late innovation relative to the origin of life and bioenergetics. However, 
when exactly water oxidation originated remains an unanswered question. Here we use phylogenetic analysis to 
study a gene duplication event that is unique to photosystem II: the duplication that led to the evolution of the 
core antenna subunits CP43 and CP47. We compare the changes in the rates of evolution of this duplication with 
those of some of the oldest well-described events in the history of life: namely, the duplication leading to the 
Alpha and Beta subunits of the catalytic head of ATP synthase, and the divergence of archaeal and bacterial RNA 
polymerases and ribosomes. We also compare it with more recent events such as the duplication of 
Cyanobacteria-specific FtsH metalloprotease subunits and the radiation leading to Margulisbacteria, Ser-
icytochromatia, Vampirovibrionia, and other clades containing anoxygenic phototrophs. We demonstrate that 
the ancestral core duplication of photosystem II exhibits patterns in the rates of protein evolution through 
geological time that are nearly identical to those of the ATP synthase, RNA polymerase, or the ribosome. 
Furthermore, we use ancestral sequence reconstruction in combination with comparative structural biology of 
photosystem subunits, to provide additional evidence supporting the premise that water oxidation had originated 
before the ancestral core duplications. Our work suggests that photosynthetic water oxidation originated closer 
to the origin of life and bioenergetics than can be documented based on phylogenetic or phylogenomic species 
trees alone.   

1. Introduction 

1.1. Evolution of Cyanobacteria 

The origin of oxygenic photosynthesis is considered a turning point 
in the history of life, marking the transition from the ancient world of 
anaerobes into a productive aerobic world that permitted the emergence 
of complex life [1]. Oxygenic photosynthesis starts with photosystem II 
(PSII), the water-oxidizing and O2-evolving enzyme of Cyanobacteria 

and photosynthetic eukaryotes. PSII is a highly conserved, multicom-
ponent, membrane protein complex, which was inherited by the most 
recent common ancestor (MRCA) of Cyanobacteria in a form that is 
structurally and functionally similar to that found in all extant species 
[2]. Thus, the origin of oxygenic photosynthesis antedates the MRCA of 
Cyanobacteria by an undetermined amount of time. 

Cyanobacteria’s closest living relatives are the clades known as 
Vampirovibrionia (formerly Melainabacteria) [3,4], followed by Ser-
icytochromatia [5] and Margulisbacteria [6]. Described 
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lisbacteria, Sericytochromatia and Vampirovibrionia; PSII, photosystem II; PSI, photosystem I; CBP, chlorophyll-binding protein; RC, reaction centre; ROS, reactive 
oxygen species; GOE, Great Oxidation Event; dD0, duplication leading to the origin of D1 and D2 subunits of photosystem II; dCP, duplication leading to the origin of 
CP43 and CP47 subunits of photosystem II; dAB, duplication leading to the origin of Alpha and Beta subunits of ATP synthase; ΔT, the span of time between dD0, 
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study a gene duplication event that is unique to photosystem II: the duplication that led to the evolution of the 
core antenna subunits CP43 and CP47. We compare the changes in the rates of evolution of this duplication with 
those of some of the oldest well-described events in the history of life: namely, the duplication leading to the 
Alpha and Beta subunits of the catalytic head of ATP synthase, and the divergence of archaeal and bacterial RNA 
polymerases and ribosomes. We also compare it with more recent events such as the duplication of 
Cyanobacteria-specific FtsH metalloprotease subunits and the radiation leading to Margulisbacteria, Ser-
icytochromatia, Vampirovibrionia, and other clades containing anoxygenic phototrophs. We demonstrate that 
the ancestral core duplication of photosystem II exhibits patterns in the rates of protein evolution through 
geological time that are nearly identical to those of the ATP synthase, RNA polymerase, or the ribosome. 
Furthermore, we use ancestral sequence reconstruction in combination with comparative structural biology of 
photosystem subunits, to provide additional evidence supporting the premise that water oxidation had originated 
before the ancestral core duplications. Our work suggests that photosynthetic water oxidation originated closer 
to the origin of life and bioenergetics than can be documented based on phylogenetic or phylogenomic species 
trees alone.   

1. Introduction 

1.1. Evolution of Cyanobacteria 

The origin of oxygenic photosynthesis is considered a turning point 
in the history of life, marking the transition from the ancient world of 
anaerobes into a productive aerobic world that permitted the emergence 
of complex life [1]. Oxygenic photosynthesis starts with photosystem II 
(PSII), the water-oxidizing and O2-evolving enzyme of Cyanobacteria 

and photosynthetic eukaryotes. PSII is a highly conserved, multicom-
ponent, membrane protein complex, which was inherited by the most 
recent common ancestor (MRCA) of Cyanobacteria in a form that is 
structurally and functionally similar to that found in all extant species 
[2]. Thus, the origin of oxygenic photosynthesis antedates the MRCA of 
Cyanobacteria by an undetermined amount of time. 

Cyanobacteria’s closest living relatives are the clades known as 
Vampirovibrionia (formerly Melainabacteria) [3,4], followed by Ser-
icytochromatia [5] and Margulisbacteria [6]. Described 
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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 
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 
divergence was driven by a gene duplication event. The tree highlights how it is possible that oxygenic photosynthesis started deeper within the evolution of prokaryotes than currently understood (ΔT). We argue that the 
origin of water oxidation started prior to the CP43/D1 and CP47/D2 duplication and that the earliest type II photosystems were structurally, and potentially also functionally, like water-splitting PSII. Divergence times are 
meant to point out the relative occurrence of events, rather than exact ages, as described in the text, in ref. [19] for type II RC proteins and in [102] for type I RC proteins. The vertical transparent bars across nodes of 
interests highlight the uncertainty on the estimation of divergence times. 
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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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Proposed evolutionary 
continuity of quinone-level 
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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



carbon with d13C of 230 to 240‰ (Vienna Pee Dee Belemnite,
or VPDB, standard) in association with 0‰ carbonates
(figure 1, [31]). Caution is necessary when interpreting the
early carbon isotopic record, because abiotic organic syntheses,
including those thought to have played a role in the origin of
life, also fractionate C isotopes [32,33]. Abiotic fractionation is
variable, depending strongly on reactant abundances and gen-
erating fractionations comparable to those observed in
biological systems only under limited circumstances. Thus,
the consistent fractionation observed in Archean organic
matter distributed abundantly among a wide range of sedi-
mentary environments is most likely a product of biological
carbon fixation [34]. Moreover, as organic matter formed
broadly in Archean oceans and not just in local environments
characterized by strong chemical gradients, the biological
carbon cycle was most probably fuelled by photosynthesis.
Observed fractionations are consistent with Rubsico-based fix-
ation, 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 inter-
pret 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
show that Archean photochemical processes fractionated S iso-
topes 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 dispropor-
tionation [41], contributed to the S isotopic record observed in
Archean sedimentary rocks. Documenting a biological nitrogen
cycle may be most challenging of all, but Stüeken et al. [42] inter-
pret distinctive d15N signatures in terms of biological nitrogen
fixation as early as approximately 3200 Ma.

Stromatolites occur in carbonate rocks deposited through-
out the Archean Eon, and those younger than about
approximately 3000 Ma have textural features reliably associ-
ated with microbial trapping and binding in younger rocks
(figure 3d, [31,43]). Microbial textures also occur on sandstone
bedding surfaces in approximately 2900 Ma successions [44].
The oldest known stromatolites (3400–3500 Ma), however,
are more challenging to interpret because they consist almost
entirely of precipitated laminae, with textures that can be diffi-
cult to distinguish from abiotic precipitates (figure 3a–c).
Indeed, Lowe [45] argued in favour of an abiological origin
for Early Archean stromatolites. Continuing research has
tilted interpretation back toward biogenesis (e.g. [46]),
especially in consideration of microscopic textures indicative
of continuous organic mats and millimetre-scale tufts [47–50].

The microorganisms that built Earth’s oldest known
stromatolites remain uncertain [51]. Unlike their Proterozoic
counterparts, Archean stromatolites accreted in anoxic waters
where electron donors such as Fe2þ and sulfide would have
been available for photosynthesis. Experiments and field

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
formed by anoxygenic photosynthetic bacteria.

Finally, there is the question of Archean microfossils, an
area of abiding contention (e.g. [55,56]). Unlike Proterozoic
cherts, silica deposits in Archean successions seldom preserve
unambiguous microfossils. At least in part, this appears to
reflect the silica cycle, which worked differently in Archean
and Proterozoic oceans. Sequestration of silica by absorption
onto iron oxides deposited in deep basins would have
decreased the availability of silica for early digenetic silici-
fication in shallow water settings [57], and in older Archean
basins, many cherts reflect potentially fabric-destructive
hydrothermal fluids (see below). Nonetheless, a variety of car-
bonaceous morphologies has been described from Archean
cherts and interpreted as microbial fossils. Putative Early
Archean include locally abundant 10–30 mm organic spheroids

(a)

(b) (c)

(d)

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 (orig-
inally) aragonite crystals growing upward from the seafloor (white arrow) in
close association with precipitated stromatolites (black arrow); (c) laminated sea-
floor 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.)
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How the protocyanobacterium 
made Archaean stromatolites
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Two modes of photosynthetic metabolism in a single organism – the Protocyanobacterium

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.

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
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Two modes of photosynthetic metabolism in a single organism – the Protocyanobacterium 

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



Acknowledgements







The attack on Joseph Priestley's home, Fairhill, at Sparkbrook, Birmingham on 14 July 1791
https://en.wikipedia.org/wiki/Priestley_Riots













The Priestleys’ home in Northumberland County, Pennsylvania



Priestley Medal reverse (awarded 
to Linus Pauling in 1984)

Table 1
Awarded for Distinguished service in the field of chemistry

Date 1923
Presented by American Chemical Society (ACS)

Priestley Medal obverse

https://en.wikipedia.org/wiki/Linus_Pauling


Acknowledgements


Anabaena cylindrica

1946 Watercolour by G. E. Fogg


Courtesy of Mrs Brenda Thake, Queen Mary University of 
London


Portrait of Joseph Priestley by William Artaud  By 
permission of the Trustees of Dr Williams's Library.


https://www.dwl.ac.uk

Shown courtesy of Dr Isabel Rivers, Queen Mary University 

of London


Collaborators

• Nobert Krauß, Karlsruhe Institute of Technology


• William Martin, University of Düsseldorf

• Michael J. Russell, NASA Jet Propulsion Laboratory, 

Pasadena

• Nick Lane, University College London


Laboratory members

• Sujith Puthiyaveetil

• Iskander Ibrahim

• Wilson de Paula


• Liang Wang

https://www.dwl.ac.uk


William Martin

Heinrich-Heine-Universität Düsseldorf 

Michael Russell

NASA Jet Propulsion Laboratory, California Institute of Technology

Nick Lane

University College London

Norbert Krauß

Karlsruher Institut für Technologie



Liang Wang • John Allen • Noor Agip • Iskander Ibrahim • Wilson de Paula




Energy and Evolution 

BIOL0030_21-22

Thank you for your 
attention

John F. Allen


Research Department of Genetics, Evolution and Environment, University College London


http://jfallen.org

@ProfJohnAllen


http://jfallen.org

