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bstract

One of the key biochemical developments during the evolution of life was the invention of the oxygen-evolving complex (OEC) of photosystem
I, responsible for catalyzing the oxidation of water to molecular oxygen in plants, algae, and cyanobacteria. Though there have been a number of
ecent, key advances towards understanding how this remarkable chemistry is carried out, it remains a fundamental mystery how this complicated,

our electron transfer process originated. Here we review some of these advances and resulting hypotheses on the origin and early evolution of the
EC. In addition, we present evidence suggesting that the four manganese-containing core of the OEC shares structural homology at the atomic

evel with the active sites of several distinct two manganese-containing enzymes, including manganese catalase, which carries out the oxidation of
ydrogen peroxide. We discuss the implications for the plausible origin of oxygenic photosynthesis.

2007 Elsevier B.V. All rights reserved.
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. The roots of oxygenic photosynthesis

The invention of oxygenic photosynthesis, the light-driven
xidation of water to molecular oxygen, stands as one of the
ivotal evolutionary innovations in the history of life on Earth.
he process is carried out only at the oxygen-evolving com-
lex (OEC) of photosystem II (PSII) found in plants and algae,

s well as in cyanobacteria from which those eukaryotic lin-
ages acquired the capability. Despite the biological uniqueness
f water oxidation to O2, several of the core proteins of pho-
osystem II have homologs in the so-called type I and type II
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noxygenic photosynthetic reaction centers found in six groups
f bacteria [1–4]. These homologs have provided a number of
mportant insights into how photosynthesis evolved and have
ompelled several hypotheses on the origin of oxygenic photo-
ynthesis. Importantly, key differences exist between oxygenic
nd anoxygenic photosynthetic machinery with no apparent
omologs or transitional forms that would provide clues to their
evelopment.

Foremost among these differences is the presence and key
ole of manganese at the site of water oxidation in pho-
osystem II, enabling H2O to serve as a stepwise electron
onor to the photooxidized photosystem. This is distinct from

acterial anoxygenic reaction centers, which rely on redox-
ctive periplasmic proteins as electron donors. Ultimately, these
lectrons are derived from a variety of (exogenous) reduced
ompounds such as hydrogen sulfide, ferrous iron, organic car-

mailto:jason.raymond@ucmerced.edu
dx.doi.org/10.1016/j.ccr.2007.08.026
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on, or nitrite. However, no anoxygenic reaction centers have
een described that are able to generate a redox potential strong
nough to oxidize water, a very weak electron donor. In part,
his difference in attainable oxidizing potential is attributable
o the presence of chlorophyll in the oxygenic photosystem,
hereas all anoxygenic phototrophs contain longer-wavelength

bsorbing and therefore lower-energy bacteriochlorophyll [5,6].
hough the fact that chlorophyll is a biosynthetic precursor

o bacteriochlorophyll spawned the idea that chlorophyll-based
hotosynthesis evolved earlier (the Granick hypothesis, [7]),
hylogenetic evidence supports that bacteriochlorophyll-based
hotosynthesis is ancestral [8].

The number of structural subunits that make up the func-
ional photosynthetic apparatus is quite different in anoxygenic
ersus oxygenic phototrophs. The heliobacterial reaction center,
or example, is comprised of a single homodimer protein com-
lex with both light harvesting and core photochemical domains
9], and the proteobacterial reaction center is comprised typically
f eight or fewer proteins in light-harvesting and reaction center
ubunits. Alternatively, some oxygenic phototrophs can contain
ell over 50 structural subunits in photosystems I and II and in

ight-harvesting complexes such as the phycobilisome. Though
ifferences exist between cyanobacteria, algae, and plants, espe-
ially in the light-harvesting complexes, the protein subunits of
hotosystem I and II are remarkably highly conserved in all three
roups, and many of the proteins are highly similar in primary
tructure.

Evolutionary comparisons of the oxygenic and anoxygenic
hotosynthetic machinery broadly divide the evolution of the
rocess into three distinct stages. The earliest stage saw the
nvention of the original reaction center that ultimately gave rise
o both types of reaction center (or photosystem) characteristic
f all known photosynthetic organisms [10]. Though evidence is
parse, geologists have described laminated, shallow water com-
unities pervasive between 3.5 and 3.0 billion years ago that are

onsistent with early photosynthesis [11,12]. These predate ear-
iest markers for cyanobacteria or for atmospheric oxygen, so
he logical argument is that these would be the progenitors of
he modern anoxygenic and oxygenic lineages. A number of
lausible electron donors have been proposed for linear elec-
ron transport, including molecular hydrogen, hydrogen sulfide
r reduced sulfur species, and reduced metals such as ferrous
ron [13–16].

Demarcating the second stage is the radiation of what ulti-
ately would become the first oxygen-evolving phototroph,

ften equated to a proto-cyanobacterium. Multiple lines of evi-
ence, including widescale geological changes consistent with
he appearance of oxygen [17,18] and biomarkers argued as
ignature for cyanobacteria [19] and for O2 availability [20],
ookend this stage between 2.8 and 2.3 billion years ago. How-
ver, there are no clear transitional forms from modern biology
hat give direct insight into how the remarkable differences that
istinguish oxygenic and anoxygenic photosynthesis might have

risen. Even the most primitive known cyanobacteria and algae
hare nearly the same repertoire of photosystem proteins as
ighly complex plants [21]. However, some modern organisms
ave properties that are consistent with what might have been
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equired by a transitional proto-cyanobacterium [22]. These will
e discussed below.

The third stage represents the diversification of oxygenic
hototrophs, particularly the dawn of eukaryotic photosynthe-
is and the eventual emergence of land plants. This was marked
arly on by the primary endosymbiosis that brought photosyn-
hesis into eukaryotes and promulgated the development of algae
nd plants. The remarkable diversity of modern photoautotrophs
equired the evolution of a vast range of new capabilities affect-
ng morphology and structure, metabolism, nutrient acquisition,
nd reproduction. Despite these extensive changes, similarities
n the photosynthetic machinery of cyanobacteria and plants sug-
est the core process has remained fundamentally unchanged.

. The oxygen-evolving complex: brief overview

The oxygen-evolving complex – and the unique chemistry it
arries out – is foremost among the conserved components of the
xygenic photosynthetic machinery. The structure and dynamics
f the OEC have been the subject of many biophysical investi-
ations that have been detailed in a number of excellent reviews
23–25] and will be only briefly detailed here. The OEC sits
pproximately at the membrane–lumen interface, surrounded
y four core proteins (D1, D2, CP43, and CP47) of photosystem
I and capped by three, so-called OEC proteins (in cyanobac-
eria, PsbO, PsbV, and PsbT). However, direct ligands to the
EC appear to come almost entirely from D1, with only a sin-
le ligand contributed from CP43 [26,27]. The closest residue of
ubunit D2 is about 10 Å distant, and the closest residues from
sbO and PsbV are almost 15 Å away from the Mn cluster.

The structural components of the OEC include four oxygen-
ridged manganese atoms, calcium, and putatively chloride [24].
PR and X-ray absorption spectroscopy and protein crystallog-

aphy have been particularly useful in constraining the geometry
f the OEC, recently reviewed in [25]. Most recently, polar-
zed extended X-ray absorption fine structure spectroscopy has
rought a new level of resolution to bear on the OEC struc-
ure, supporting a Mn4 motif that is quite distinct from what
ad been advanced based on recent X-ray structural data [28].
espite these exciting advances, a perfectly legitimate ques-

ion is whether or how these breakthroughs – which, despite
ears of careful study and fervent argument, distill down to
nly a few Angstroms difference between atoms – stand to
hed new light on how Nature invented the remarkable capa-
ility of water oxidation. Surprisingly enough, and despite
he fact that the bridged four manganese cluster was a singu-
ar invention, accurately resolving the structure of the OEC

ay indeed be decidedly important to understanding how it
volved.

.1. Intermediates en route to oxygenic photosynthesis

The complex electrochemistry carried out at the OEC and

he development of a highly oxidizing photosystem II stand
s two key events in the development of water oxidation
29–31,22]. It is generally agreed that the development of a
trongly oxidizing PSII followed (a) the “switch” from bac-
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eriochlorophyll to chlorophyll and (b) mutations in the local
nvironment surrounding primary and secondary electron accep-
ors (chlorophyll and pheophytin) of PSII. These mutations
ossibly included structural-spatial changes that “de-dimerized”
SII chlorophylls, as compared to dimeric (special) pair bacte-
iochlorophylls found in homologous type II reaction centers
30]. Because anoxygenic reaction centers do not generate the
ighly positive redox potential necessary to oxidize water, the
evelopment of a strongly oxidizing RC must have preceded or
o-occurred with invention of the water oxidizing complex—and
ould have resulted from only a few key amino acid replacements
32], as discussed below.

Still enigmatic is how the precise geometry and unique mech-
nism of the OEC came about. Anoxygenic reaction centers
re reduced exclusively by single electron transfer reactions,
ypically mediated by soluble cytochromes acting as electron
onduits from exogenous reductants. It is reasonable that the
ncestral (pre-OEC) photosystem II was similarly reduced in
ne-electron steps, for example accepting electrons from a
ytochrome c or plastocyanin-like protein (donors that, in mod-
rn oxygenic phototrophs, shunt electrons to photosystem I).
he chemical result of this putative ancestor is appealingly sim-
le: electrons abstracted from various donors are passed directly
o the photo-oxidized reaction center, one electron at a time.
owever, this is quite different from the reaction catalyzed by

he modern OEC, where one-electron reductions of PSII must
e coupled to a concerted four-electron oxidation of two water
olecules.
Understanding this effective leap in complexity has invoked

number of ideas on transitional or energetically intermedi-
te electron donors: more prone to oxidation than water yet
till beyond the oxidizing capability of known anoxygenic RCs.
roposed intermediates include hydroxylamine, hydrogen per-
xide, hydrazine, nitric oxide or nitrite (the latter of which has
ecently been observed as an electron donor to type II RCs),
nd bicarbonate [13,33,34,29,35]. Bicarbonate has been of inter-
st for its long-known accessory role in facilitating oxygen
volution in the OEC. Dismukes et al. [29] have proposed a tran-
itional OEC with bicarbonate (and, subsequently, complexed

n-bicarbonate) as an integral part of OEC catalysis, owing to
he more favorable energetics associated with bicarbonate as a
ubstrate during oxygen production. These favorable energet-
cs get another boost by the likely higher concentration (by 1–3
rders of magnitude) of CO2 in the Earth’s atmosphere at the
ime that oxygenic photosynthesis evolved.

Though more easily oxidized than water, each of these
roposed transitional donors have other associated problems.
xcept for bicarbonate, all are present only fleetingly in natural
nvironments, due either to limited routes for their synthesis or
lse instability/rapid breakdown. Except for hydrogen peroxide
nd bicarbonate oxidation, none of these donors necessitate the
ulti-electron chemistry characteristic of the modern OEC. As
entioned above, it has been argued that the transition to a highly
xidizing photosystem might have occurred abruptly (i.e. requir-
ng only a few key amino acid substitutions) [30], suggesting that
stepwise progression towards higher potential electron donors
n route to water might not have been necessary. If true, the
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ifficult step in OEC evolution becomes the invention of a cat-
lytic “capacitor” able to simultaneously carry multiple charges,
s opposed to the ancestral one-electron transfer capability.

One obvious place to look for such catalytic intermediates
re other manganese enzymes, of which only a small hand-
ul are known with binuclear-manganese active sites, including
ibonucleotide reductase, catalase, and arginase [36]. Despite
o previously reported sequence or structural homology, sev-
ral of these enzymes carry out chemical reactions that have
ome (albeit primitive) parallels to the OEC. McKay and Hart-
an [33], and later Blankenship and Hartman [34], argued that
2O2 could have been a key intermediate en route to oxy-
enic photosynthesis. Blankenship and Hartman [34] noted the
half-similarity” between the binuclear Mn catalase and the
etranuclear Mn OEC, suggesting that a primitive Mn cata-
ase was the original template upon which the modern OEC
as structured. These ideas are often discounted on the basis
f requiring a persistent, exogenous source of H2O2 and the
forementioned lack of structural similarity between Mn cata-
ase (or other manganese binuclear enzymes) and any of the PSII
roteins.

However, several H2O2 sources have been identified that
ight have been important in some niches within Earth’s early

iosphere. Recently, Liang et al. [37] have advanced models sug-
esting that Proterozoic snowball Earth events could effectively
oncentrate photolytic H2O2 in local surface environments,
nalogous to processes presently occurring on Europa where sur-
ace H2O2 concentrations up to 0.13% have been observed. This
lausible peroxide influx, generated and concentrated in photic
nvironments, would constitute a strong selection pressure for
2O2 detoxification mechanisms in photosynthetic communi-

ies. The biological answer would be dismutation by catalase
nd possibly peroxide oxidation by photosystem II. Because
hese routes both produce O2 as a by-product, this could also

ark the advent of biochemical mechanisms for coping with,
nd ultimately utilizing, molecular oxygen. While these and/or
ther routes for peroxide formation (for example, catalyzed on
he surface of pyrite minerals) [38] could have been operating on
he early Earth, almost all occur in aqueous and therefore must
ddress the dilution problem.

.2. Probing beyond sequence conservation: active site
uperposition

Because of many inherent limitations of structural alignment
lgorithms (including inability to focus on restricted structural
egions or to extend alignments across multiple subunits), we
ecently developed an approach for determining the optimal
uperposition of the atoms concentrated around the active sites of
wo enzymes (details of the method to be published elsewhere).
he motivation is based on the fact that the catalytic active site
f proteins can be preserved despite extensive changes in pro-
ein sequence and structure. Additionally, convergent evolution

an result in two unrelated proteins carrying out analogous or
ven identical reactions, and it would be useful to rigorously
ssess whether such functional convergence is connected to a
undamental structural motif.
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Fig. 1. Histogram of the root mean square deviation (x-axis) of the atomic super-
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This method is based on a point registration algorithm devel-
ped for combining overlapping 2D/3D images [39] based on
ommon subsets of points. While quite useful for detecting sim-
lar arrangements of points in space, the method does not have a
traightforward statistical interpretation, so we utilized a boot-
trapping approach to assess significance, performing structural
uperpositions on a large subset of structures downloaded from
he Protein Databank (PDB). In brief, the method starts with
ome subset of atoms from two protein structures, for example
n a 5 Å sphere around their active sites, and iteratively trans-
ates and rotates one set of atoms until a “best fit” with the
econd set of atoms is found. This “best fit” is specified by the
ransform/rotate operator that results in the minimum overall dis-
ance between closest pairs of atoms from the two models. As
ith other structure comparison methods, this minimum over-

ll distance is calculated as the root mean squared deviation
RMSD) between each atom/point (a) in the first structure (with n
toms total) and their closest counterpart/point (b) in the second
tructure (the “nearest neighbor”):

RMSD(a, b) =
√√√√1

n

n∑
i=1

|ai − bi|2

Using the Loll et al. [27] photosystem II structure (PDB ID
axt) amended with the Mn coordinates of model II in Yano et
l. [28], structural superpositions were carried out for each Mn
tom in the OEC (4 total, one for each Mn) against every Mn
tom in all 343 bi-manganese proteins in the PDB (4 OEC Mn
toms × 3888 Mn atoms from all other bi-manganese proteins
ielding 15,552 total superpositions). For example, in one run
ll atoms within 5 Å of MnA from the OEC – which includes
toms spanning the D1 and CP43 subunits – were subjected
o an iterative “best fit” superposition against all of the atoms
ithin 5 Å of Mn1 from xylose isomerase. Only rotations and

ranslations are permitted during the alignment, so these are rigid
ody superpositions.

These >15,000 best fit superpositions were then compared
o one another based on their calculated RMSD. These results
re plotted as a histogram in Fig. 1. Because such a metric is
ensitive to atom density (i.e. two structures with many atoms
ill register lower RMS distances), and because atom density

ncreases in high resolution models (primarily due to inclusion
f H2O molecules), only atoms assigned to an amino acid and
n atoms were considered during superpositions.
Remarkably, the best structural matches to the OEC almost

ll come from known binuclear enzymes, including arginase
nd agmatinase – distantly related members of the ureohydro-
ase superfamily [40] – as well as manganese catalase (Fig. 1).
his supports an overall conservation of structural geometry at

he active sites of these manganese enzymes that is likely closely
oupled to mechanism. The reactions carried out by the ureohy-
rolase superfamily are quite distinct from Mn catalase or PSII,
owever experiments have shown that arginase does exhibit

eak catalase activity [36]. The best fit superposition of the OEC
ith Mn catalase is shown in Fig. 2, illustrating an overall sim-

larity in the spatial arrangement of atoms, notable proximity
etween manganese atoms, and several overlapping, similarly

r
t
f
t

n Yano et al. [28]) vs. 341 bi-manganese proteins from the Protein Databank.
he inset shows the top five best fit structures.

harged amino acid ligands. The binuclear cavity of catalase
s correspondingly smaller than the OEC cavity and the two
tructures differ most notably around the two distal/unaligned
anganese atoms of the OEC. Fig. 3 shows the position of
n cluster-ligating residues within the primary structures of
n catalase and PSII (D1 and CP43) and underscores the diffi-

ulty that standard sequence alignment algorithms would have
n detecting this putative homology.

Importantly, the position of the Mn atoms at the heart of the
EC has been intensely investigated and debated, and is still
ot unambiguously resolved despite recent advances constrain-
ng tetramanganese motifs. Recent data has also underscored the
otential for X-ray damage to occur to metalloproteins during
rystallography that, in the OEC, could influence the positions
f the manganese atoms and plausibly their ligands (Ken Sauer,
ersonal communication). Several lines of evidence suggest that
hese effects do not substantially alter our observations. First,
y substituting Mn atoms of the OEC, for instance using the
riginal coordinates of Loll et al. [27] in one run and those
rom Yano et al. [28] in a second run, we observed minimal
hanges in RMSD scores, never exceeding 5%. Furthermore,
everal of the closest structural neighbors to the OEC (listed
n Fig. 1) have additional homologs for which crystal struc-
ures have been determined. These additional homologs come
rom different organisms, include active site mutants of wild-
ype enzymes, and are obtained at varying resolutions and under
ifferent experimental conditions. For example, there are eight
rginase I homologs – including enzymes from rat, human,
nd bacteria – that each align with the OEC at an RMSD of
.8 Å or less. While a more focused approach will ultimately
e necessary to determine the net effect of radiation damage
o proteins, for example following protein degradation as a
unction of increasing X-ray energies and exposure times, we
elieve that our structural superposition results are relatively
obust against these effects. While it is feasible that damage

o the active site of a metalloprotein may cause us to miss a
ew structures that are similar to the OEC, it is more difficult
o imagine how such damage would result in different, inde-
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Fig. 2. Optimal superposition of the photosystem II OEC (green backbone) vs.
Mn catalase (magenta chain), showing closely aligned residues. The four Mn
atoms of the OEC and two Mn atoms of manganese catalase are at the center of
the diagram (OEC calcium atom in purple). The PSII structure shown is from
Loll et al. [27], with the Mn coordinates updated from Yano et al. [28] (model
II).

Fig. 4. Structural alignment resulting from applying the optimal superposition
rotation/translation operators to the entire protein complexes of photosystem
II (green, using the Loll et al. [27] structure) and Mn manganese catalase
(magenta). Mn catalase sits in the same periplasmic position as the three PSII
OEC stabilizing subunits.

Fig. 3. Primary and secondary structures of the protein subunits surrounding the manganese catalytic core of photosystem II and Mn catalase. Only subunits with
residues within 5 Å of the Mn cluster are shown, with the amino acids included in the structural superposition denoted by blue diamonds. Direct ligands to the Mn
cluster of Mn catalase, as determined from high resolution crystal structures, are indicated by boxes around diamonds. The Mn ligands in the OEC have yet to be
resolved to make such assignments unambiguously.
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Fig. 5. Schematic showing how a primitive Mn binuclear enzyme, such as Mn catalase, might have served as a template for the development of the OEC tetramanganese
cluster. At left, the Mn binuclear enzyme donates electrons to the primitive OEC. Because electron transfer efficiency is strongly influenced by distance, amino acid
residues facilitating the tight interaction of the OEC and the soluble Mn binuclear enzyme would have been selected for, as depicted in the center panel. Ultimately,
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his would have resulted in a separate Mn binuclear site on the OEC (right p
n catalase:OEC superposition. Continued interaction with the Mn binuclear e

etramanganese OEC.

endently determined protein structures looking more similar to
he OEC.

These observations support a common structural core in the
EC and in distinct manganese binuclear enzymes. This might
ossibly have arisen independently through convergent evolu-
ion to an optimal catalytic geometry, as has been suggested for
acterial versus eukaryotic serine protease enzymes [41]. For
xample, the coordination chemistry of high-valence manganese
ay strongly constrain the charge and spacing of surrounding

igands. Further studies of how Mn valency constrains or deter-
ines local geometry in available manganoenzyme structures
ill ultimately be necessary to resolve this. However, we suggest
ere that the structural similarities observed are more logically
he result of an intertwined evolutionary history of the OEC and

n binuclear enzymes.
Best fit superposition places the Mn catalase edge-to-edge

ith the OEC (Fig. 4), overlapping the position of the extrin-
ic photosystem proteins that form a stabilizing “cap” over the
etramanganese complex. Notably, this means that the Mn site
n catalase is inverted (relative to the protein center of mass)
s compared to PSII, consistent with the idea of a periplasmic
rotein that could donate electrons to a primitive photosystem
see Fig. 5). In an ancestral complex, such an edge-to-edge
nteraction would have facilitated rapid electron transfer to
he photo-oxidized photosystem, supporting the idea that a
anganese binuclear enzyme, possibly oxidizing hydrogen per-

xide, may have served as an electron donor to photosystem
I.

. Templating a binuclear active site

If a manganese binuclear enzyme was indeed the predecessor
o the OEC, how did the unique four-manganese structure and

ater oxidation chemistry develop? One possibility – illustrated

n Fig. 5 – is that the manganese binuclear cluster progressively
ecame more closely associated with photosystem II, by muta-
ions that facilitated binding and eventually direct ligation to

f
t
o
g

with its geometry inverted relative to the e-donor protein, as observed in the
e would then juxtapose four manganese atoms—the earliest appearance of the

he Mn atoms – in effect, the active site of one enzyme served
s a template for the evolution of a second, closely interact-
ng enzyme. This Mn specificity, carried on the D1 subunit,
ltimately resulted in a de facto, “copycat” binuclear Mn bind-
ng site on PSII. Though this would have freed PSII from
ependence on a soluble Mn enzyme, continued interaction
etween the two complexes would result in the juxtaposition
f four Mn atoms – the first functional Mn4 complex. Not
nly does this provide the structural underpinnings for the
odern OEC, but also minimally doubles the charge-carrying

apacity of the cluster, depending on the oxidation state of the
n atoms.
What sort of chemistry was taking place as this early photo-

atalyst developed? Assuming that the evolution of the highly
xidizing PSII occurred fairly quickly (i.e. few evolutionary
teps), the issue of energetic intermediates en route to H2O sub-
ides, and recenters on (a) how this newfound (but potentially
angerous) oxidizing potential could be safely used or dissi-
ated and (b) what feasible/available chemical reactions could
ake advantage of this energy. The binuclear-manganese site sug-
ests concerted two-electron reactions were feasible, making
2O2 a plausible electron donor in environments where it was
ot limiting.

This envisioned peroxidase/peroxide oxidation reaction
ould generate two electrons and two protons from a single per-
xide substrate. This is distinct from the reaction catalyzed by
he modern Mn catalase, which catalyzes the disproportionation
f two H2O2 molecules into water and oxygen, without gener-
ting free electrons or protons. So, whereas the modern catalase
unctions as a H2O2:H2O2 oxidoreductase – one molecule of
eroxide oxidizing the second – in the primitive unimolecular
ersion, the oxidized photosystem takes the place of the second
olecule of H2O2. This ancient enzyme would have thereby
unctioned as a H2O2:photosystem oxidoreductase, using pho-
on energy to drive a transmembrane charge separation, defusal
f a potentially damaging compound, and generation of ener-
etic electrons for synthesizing biomass.
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Could water have been used as an electron donor during a
ore primitive stage of OEC development? This is something

f the inverse of the peroxide hypothesis discussed above, which
ight be called “oxygen first” as the ancestral OEC would have

een generating oxygen before evolving the capability to oxi-
ize water. An ancestral OEC that oxidized water only part-way
presumably to hydrogen peroxide – is attractive from a mecha-
istic perspective. The net reaction requires two H2O molecules,
xactly analogous to the modern OEC, and would be a two-
lectron transfer reaction, a viable transitional step en route to the
our-electron transfer capacity. However, such a reaction would
equire a photooxidant of at least 1.35 V (the standard potential
or H2O oxidation to H2O2 at pH 7), greater than the ∼1.1 V
hat the modern OEC can generate and presumably well beyond
hat the proto-OEC was capable of. The major energetic bar-

iers to water oxidation come in the initial step(s) of electron
bstraction, so working “backwards” from the molecular oxy-
en product (which is not difficult to produce) and hydrogen
eroxide substrate, ultimately to water as a substrate, follows a
ath of least energetic resistance.

. Summary

The past three decades have brought exciting and occasion-
lly stunning advances in our understanding of the function,
iversity, and evolution of photosynthesis in Nature. Research is
losing in on solving the structure of the oxygen-evolving com-
lex of photosystem II, undoubtedly one of the most remarkable
nventions in all of biology. Though the origin of this complex,
nd its ultimate green capability to oxidize water, remains enig-
atic, a number of intriguing hypotheses have been advanced

nd new methods developed, many of which have stimulated
deas in other fields. Here we have discussed possible origins of
he OEC and developed a new method revealing evidence for
n ancient superfamily of manganese proteins from which the
EC was born. Our hope is that, by understanding its natural
istory, we can gain a toehold on how this unique chemical capa-
ility came about and possibly can be advanced as a clean and
biquitous source of energy.
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