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Abstract The development of oxygenic photosynthesis
by primordial cyanobacteria ~2.7 billion years ago led to
major changes in the components and organization of pho-
tosynthetic electron transport to cope with the challenges
of an oxygen-enriched atmosphere. We review herein, fol-
lowing the seminal contributions as reported by Jagana-
than et al. (Functional genomics and evolution of photo-
synthetic systems, vol 33, advances in photosynthesis and
respiration, Springer, Dordrecht, 2012), how these changes
affected carriers and enzymes at the acceptor side of photo-
system I (PSI): the electron shuttle ferredoxin (Fd), its iso-
functional counterpart flavodoxin (Fld), their redox partner
ferredoxin-NADP" reductase (FNR), and the primary PSI
acceptors F, and F,/Fy. Protection of the [4Fe—4S] centers
of these proteins from oxidative damage was achieved by
strengthening binding between the F,/Fy polypeptide and
the reaction center core containing F,, therefore impairing
O, access to the clusters. Immobilization of F,/Fy in the
PSI complex led in turn to the recruitment of new soluble
electron shuttles. This function was fulfilled by oxygen-
insensitive [2Fe—-2S] Fd, in which the reactive sulfide atoms
of the cluster are shielded from solvent by the polypeptide
backbone, and in some algae and cyanobacteria by Fld,
which employs a flavin as prosthetic group and is tolerant
to oxidants and iron limitation. Tight membrane binding of
FNR allowed solid-state electron transfer from PSI bridged
by Fd/Fld. Fine tuning of FNR catalytic mechanism led to
formidable increases in turnover rates compared with FNRs

P4 Néstor Carrillo
carrillo@ibr-conicet.gov.ar

Instituto de Biologia Molecular y Celular de Rosario
(IBR-UNR/CONICET), Facultad de Ciencias Bioquimicas
y Farmacéuticas, Universidad Nacional de Rosario (UNR),
Ocampo y Esmeralda, 2000 Rosario, Argentina

acting in heterotrophic pathways, favoring Fd/Fld reduction
instead of oxygen reduction.
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Introduction

Oxygenic photosynthesis involves the combined function
of two multi-subunit membrane-bound complexes, photo-
system (PS) I and II, which provide the energy transduc-
ing machinery to drive electrons against a thermodynamic
gradient at the expense of light (Jagannathan et al. 2012).
Coupling of these two photosystems in the photosynthetic
electron transport chain (PETC) of primordial cyanobacte-
ria was the seminal event in the development of oxygenic
photosynthesis. On one end of the PETC, the evolution of
a water-splitting system led to oxygen production, an event
of catastrophic proportions that changed the redox condi-
tions on Earth and allowed the appearance of life forms
based on oxygen respiration. On the opposite end, reduced
intermediates were produced in the form of NADPH and
low-potential electron transfer shuttles to deliver hydride
groups and electrons to a plethora of metabolic, dissipative
and regulatory pathways (Hohmann-Marriott and Blanken-
ship 2011).

Electron shuttling is the currency for energy flow
throughout cellular metabolism. Reducing equivalents
are mobilized across networks of redox enzymes from the
sources of reducing power, including light-driven reac-
tions, to electron-consuming pathways and processes
via a small suite of diffusible electron carriers. The most
extensively used among them are ferredoxins (Fds), small
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mobile metalloproteins containing one or more iron-sulfur
clusters of different stoichiometry ([4Fe—4S], [2Fe-2S]) as
prosthetic groups. Ferredoxins, whose name, according to
San Pietro (2006) were chosen after a contest at the Dupont
lab where the first Fd (from Clostridium pasteurianum) was
discovered, are very ancient proteins that were extensively
employed as electron shuttles by anaerobes long before the
advent of oxygenic photosynthesis (Caetano-Anollés et al.
2007). Those present in oxygen-evolving phototrophs har-
bor a single [2Fe—-2S] center, and constitute a large protein
family that also includes Fds from mitochondria and pro-
teobacteria (Hase et al. 2006; Meyer 2008).

The acceptor end of the PETC in plants is made up by a
group of soluble and thylakoid-bound components, includ-
ing the primary acceptors of PSI, Fd and the flavoprotein
ferredoxin-NADP* reductase (FNR), which catalyzes an
electron-hydride exchange between reduced Fd and NADP™*
to yield NADPH (Carrillo and Ceccarelli 2003; Aliverti
et al. 2008). Oxygen build-up forced major changes on
these components to adapt to the novel, potentially harm-
ful environmental conditions. In spite of these adaptations,
the acceptor side of PSI remains the main site of oxygen
reduction in photosynthetic cells and tissues (Kozuleva and
Ivanov 2016). It is worth noting that this reduction leads
to the synthesis of various reactive oxygen species (ROS)
such as the radical anion superoxide, hydrogen peroxide,
and the hydroxyl radical, all of which are more damaging
to biomolecules than oxygen itself.

We review in this article the selective forces and evolu-
tionary changes that shaped the composition and function
of the acceptor end of the PETC in modern-day phototro-
phic organisms, including the incorporation of new players
and the modification of existing ones to meet the challenges
of an oxygen-rich atmosphere.

Phototrophy before oxygen

Current proposals on the living conditions prevailing in
the young Earth agree that primordial cells thrived in an
anaerobic world by exploiting every available redox pair to
obtain energy from purely chemotrophic metabolic path-
ways (Zahnle et al. 2007). In this oxygen-free environment,
photosynthetic reaction centers likely originated from pre-
existing pigment-carrying proteins involved in protection
against ultraviolet irradiation, through sequential acquisi-
tion of redox cofactors that helped to stabilize charge sepa-
ration states (Mulkidjanian and Junge 1997). If so, original
photosynthesis must have been anoxygenic and presumably
based on a single photosystem.

A survey of extant phototrophic microorganisms indi-
cates that, besides cyanobacteria, there are six bacterial
phyla with members able to perform chlorophyll-based
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photosynthesis: Firmicutes (heliobacteria), Chlorobi (green
sulfur bacteria), Chloroflexi (green non-sulfur bacteria)
and Proteobacteria (purple sulfur and non-sulfur bacte-
ria), as well as recently added species from Acidobacteria
and Gemmatimonadetes (Zeng et al. 2014). Heliobacte-
ria, Chlorobi, and Acidobacteria contain Type I reaction
centers with an iron-sulfur cluster as the terminal accep-
tor, therefore resembling PSI. The remaining three phyla
have Type II centers that use a mobile quinone as termi-
nal acceptor, similar to PSII. Of them, only Chlorobi are
strict photoautotrophs. The two types of photosystems are
proposed to derive from a common ancestor by gene dupli-
cation and divergence, with basal sequences lying near
the split between heliobacteria and green sulfur bacteria
(Raymond and Blankenship 2006). Therefore, the original
phototrophs may have contained a Type I reaction center
(Blankenship 2001), similar to that present in heliobacteria,
which has the most rudimentary photosystem described to
date (Oh-Oka 2007).

While there is ample agreement among researchers that
oxygenic photosynthesis arose after anoxygenic photo-
synthesis, the question of whether the two photosystems
of cyanobacteria became divergent in the same or differ-
ent genomes is still a matter of debate (Hohmann-Marriott
and Blankenship 2011). Initial models on the evolution
of the photosynthetic apparatus assumed that the current
PETC architecture with photosystems operating in tandem
evolved from the union of pre-existing Type I and II reac-
tion centers within a primordial cyanobacterium (Raymond
and Blankenship 2006, and references therein). However,
Mulkidjanian et al. (2006) have advanced an alternative
proposal, suggesting that cyanobacteria were actually the
earliest phototrophs and contained the two types of reaction
centers, which were delivered to other phyla by independ-
ent lateral gene transfer events well before the development
of the oxygen-evolving machinery associated to PSII. This
hypothesis gains support from the lack of a deep split in
chlorophyll biosynthesis that would mirror the split of the
photosystems (Sousa et al. 2013), suggesting that the two
reaction centers arose and diverged within the same cell.
Allen and Martin (2007) have postulated that in these prim-
itive cyanobacteria, the co-existing photosystems were not
coupled and played different roles, with the Type I center
engaged in linear electron transfer using H,, H,S or ferrous
iron as electron donors, and the Type II center carrying
out cyclic electron transport. The proposed functions are
exactly the opposite of those displayed by their descend-
ants, PSI and PSII, in modern-day oxygenic phototrophs.
They resemble, instead, the activities of type I reaction
centers in current green sulfur bacteria, which mediate lin-
ear electron transport between H,S and Fd, and of type II
reaction centers in purple non-sulfur bacteria, which gener-
ate ATP via cyclic electron flow (Jagannathan et al. 2012).
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The opposing views in this active field of research are out-
side the scope of this article. The subject has been exten-
sively reviewed by Cardona (2015).

As the availability of suitable electron donors became
progressively limiting, the acquisition of the Mn,Ca clus-
ter capable of water oxidation would have had a formidable
selective advantage, and the presence of both reaction cent-
ers in a single organism allowed them to operate concert-
edly to synthesize oxygen and provide reducing power for
metabolic routes, giving birth to oxygenic photosynthesis.

Oxygen build-up as driving force for the evolution
of the reducing side of PSI

The fossil record, especially in the form of stromatolites,
times the onset of oxygenic photosynthesis at about 2.7 bil-
lion years ago (Kerr 2005). Reaction with ferrous and
sulfide ions, as well as a number of geological processes,
sequestered enough atmospheric oxygen for the Earth to
remain anaerobic during the following 2 billion years or
so, but the continuous production of intracellular oxygen
started a number of adaptations which affected all aspects
of metabolism and regulation, including photosynthesis
(Kirschvink and Kopp 2008). Components of the reducing
side of PSI were among the most affected by these environ-
mental changes.

As already indicated, Type I photosystems rely heavily
on iron-sulfur clusters. The core complex, which is a het-
erodimer (PsaA/PsaB) in PSI and a homodimer in bacte-
rial photosystems, contains the reaction center chlorophylls
(P5y) and three other electron transfer components operat-
ing sequentially: chlorophyll A, phylloquinone A; and the
[4Fe—4S] cluster F,, associated to the PsaC protein. Elec-
trons are then delivered to a di-cluster protein containing
two [4Fe—4S] centers (F, and Fy), in the sequence F, —
F, — Fg, and eventually to Fd and FNR (Jagannathan et al.
2012). The reader is referred to the article by Pierre Setif in
this issue for a comprehensive description of PSI structure
and electron transfer properties.

Oxygen build-up negatively affected the functions of
these metalloproteins in a number of ways. First, spin-pair-
ing rules dictate that molecular oxygen accepts electrons
one at a time rather than in pairs, discouraging reaction
with most organic biomolecules but facilitating oxida-
tion of transition metals, which are good univalent elec-
tron donors. As a consequence, oxygen oxidized ferrous
iron in the environment to its ferric form, which rapidly
precipitated as ferric polyhydroxides or formed insoluble
salts. The outcome was that as oxygen accumulated, iron
decreased its bioavailability and became a limiting nutrient
in most aerobic habitats (Anbar 2008).

Second, partial reduction of oxygen generates super-
oxide, H,O, and hydroxyl radicals, oxidants which dis-
play still higher reactivity than oxygen. Even under nor-
mal growth conditions, up to 10% of all electrons moving
through the photosynthetic or respiratory chains can be
adventitiously delivered to oxygen with concomitant ROS
generation (Badger et al. 2000). This fraction increases dra-
matically under adverse environmental conditions, which
also promote the generation of highly reactive singlet
oxygen molecules by energy transfer from excited chloro-
phylls of PSII (Pierella Karlusich et al. 2014; Kozuleva and
Ivanov 2016). These compounds can react with and inacti-
vate many different biomolecules including proteins, lipids,
and nucleic acids (Mgller et al. 2007).

Iron-sulfur centers are vulnerable to ROS attack to vari-
ous extents, depending on solvent exposure and the poly-
peptide environment surrounding the cluster. Oxidation
yields unstable intermediates that quickly decompose,
resulting in protein inactivation and iron release. Elevated
concentrations of free iron can wreak cellular havoc and
lead to oxidative damage by engaging in Fenton-type reac-
tions with hydrogen peroxide to generate the extremely
toxic hydroxyl radical (Imlay 2006). This process is gen-
erally self-propagating. In photosynthetic organisms, for
instance, stress-dependent Fd down-regulation leads to
over-reduction of the PETC due to shortage of electron
acceptors, and under such circumstances the electron sur-
plus can be passed straight to oxygen resulting in runaway
ROS generation (Voss et al. 2008; Blanco et al. 2011).

The type of modifications undergone by photosynthetic
organisms in response to the threat of an increasingly oxi-
dative environment can be visualized by comparing com-
ponents of the PETC in cyanobacteria and chloroplasts
with their equivalent counterparts of anaerobic phototro-
phs. Changes can be tracked in F', and F,/F7y, in the mobile
low-potential shuttles and in FNR.

Of the various iron-sulfur clusters operating at the
acceptor side of Type I reaction centers of anaerobes, the
equivalents of F,, F,, and Fy are particularly oxygen-
labile. In the anaerobic world in which photosynthesis
initially evolved, these terminal electron carriers had no
need to be protected against oxidative destruction. They
were just placed at the shortest possible distance to opti-
mize the rate of forward electron transfer. The possibility
of side-reaction with increasing oxygen levels required
significant modifications to protect the F,/Fy cluster from
denaturation. The polypeptide holding these iron-sulfur
centers displayed a loose and dynamic interaction with the
reaction center core in anaerobic phototrophs, which con-
trasts with the tight binding of PsaC to PSI in chloroplasts
and cyanobacteria. Indeed, contemporary heliobacteria and
green sulfur bacteria still harbor mobile iron-sulfur proteins
displaying high oxygen sensitivity (Romberger et al. 2010).
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Jagannathan et al. (2012) have proposed that the increase in
binding interaction, achieved through the development of a
network of oppositely charged amino acids in the F, and
F,/Fy proteins, was critical to the protection of the clus-
ters by the formation of an oxygen-impenetrable interface
between them. Fastening of PsaC to the PsaA/PsaB het-
erodimer was further ensured by acquisition of PsaD and
PsaE subunits. These proteins flank PsaC on either side
of the stromal ridge of PSI and provide additional solvent
shielding to F',/Fy (Antonkine et al. 2003).

As important as this protection could be, this was not the
only modification undergone by the primary acceptors of
PSI. In the reaction centers of chloroplasts and cyanobac-
teria there is an inversion of the redox potentials between
F, and Fy that makes the F, — Fj electron transfer ther-
modynamically unfavorable. The penalty introduced by this
change in the global rates of electron transfer (and in the
quantum yield) is marginal, due to the high difference in
redox potential between F, and the mobile acceptor of Fy
(Jagannathan et al. 2012). However, the inversion changed
dramatically the half-life of reduced Fy, and therefore its
availability to oxidation by oxygen. The difference in mid-
point potential with F, (~60 mV) implies that only ~10%
of reduced Fz would be present at any given time for reac-
tion with oxygen (Jagannathan et al. 2012).

Weak binding of the di-cluster F,/Fy protein to Type I
reaction centers in anaerobes allowed these components to
act as shuttles between F, and soluble redox targets (Jagan-
nathan and Golbeck 2008; Romberger and Golbeck 2010,
2012). A consequence of F,/Fp immobilization in oxy-
genic phototrophs was the requirement of an alternative
mobile electron carrier to fulfill this role. This led to the
evolution of oxygen-insensitive Fds and the recruitment of
flavodoxin (Fld) at the reducing side of PSI.

Beyond PSI: the mobile electron shuttles
Development of an oxygen-insensitive ferredoxin

Several lines of evidence support the notion that iron-sulfur
clusters were among the earliest, if not the first, biocata-
lysts on Earth (Wéchtershdauser 2007). They are chemi-
cally versatile and can form spontaneously in the presence
of Fe2*, sulfide, and an external thiolate (Martin and Rus-
sel 2003), all of which were abundant in the anaerobic
Archaean ocean. Moreover, Fe—S cubanes can be readily
assembled into cysteine-containing polypeptides through a
thiol-ligand exchange reaction (Que et al. 1974). As a con-
sequence, iron-sulfur proteins were widely used by anaer-
obes, both photosynthetic and heterotrophic, prior to the
appearance of oxygen evolution, and Fds were among the
oldest of them. Inferences on the physiology and habitat of
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the last universal common ancestor (LUCA) suggest that
LUCA'’s biochemistry was replete with Fe—S centers and
radical-based reactions, its lifestyle relying heavily on tran-
sition metals, flavins and Fds among other basic compo-
nents (Weiss et al. 2016).

The Fd apoprotein is made up of a conserved fold of ~60
amino acids that binds the Fe—S cluster and presumably
evolved from an early gene duplication event of a 30-resi-
due sequence, a “protoferredoxin” composed of a primeval
subset of amino acids (Eck and Dayhoff 1966; Trifonov
2000). Phylogenomic analysis of protein architecture indi-
cates that this fold is very ancient, actually the fifth oldest
domain on Earth, and second among redox-related struc-
tures after the NAD(P*)(H)-binding Rossmann domain
(Caetano-Anollés et al. 2007).

Based on fold mapping, high network centrality, and
abundance in anaerobic, thermophilic environments, it has
been concluded that [4Fe—4S] clusters were the first to be
formed and assembled into proteins in the O,-free primor-
dial oceans. They are more flexible and chemically versatile
than their [2Fe—2S] counterparts, being able to act as Lewis
acids in dehydration reactions catalyzed by hydro-lyases
such as fumarase and aconitase. Using profile-vs-profile
and position-specific iterative-BLAST alignments, Harel
et al. (2014) concluded that Fds with [4Fe—4S] clusters
were the ancestral representatives of the family, from which
[2Fe-2S] Fds followed by duplication and divergence.
They also found connections of iron-sulfur proteins with
4-Cys iron (FeS,) and heme domains, all of them sharing
a common origin, whereas bimetallic domains such as the
MoFe and VFe centers of nitrogenase were more distantly
related (Harel et al. 2014).

Anaerobes thriving prior to oxygen evolution were then
supposed to use mostly [4Fe-4S] Fds as low-potential
electron carriers, and some contemporary phototrophs
still make ample use of these proteins for electron transfer.
For instance, heliobacteria and green sulfur bacteria have
small, mobile Fds with two [4Fe—4S] clusters that accept
electrons from the Type I reaction center (Jagannathan and
Golbeck 2008; Romberger and Golbeck 2010, 2012; Garcia
Costas et al. 2012).These carriers are typically much more
susceptible to oxygen inactivation than the photosynthetic
[2Fe-2S] Fds present in contemporary cyanobacteria and
chloroplasts. Oxygen insensitivity was gained by solvent
extrusion from the [2Fe-2S] cluster, which is located in
a shielded environment in these proteins, whereas the
p-sulfido atoms of typical anaerobic bacterial Fds are sol-
vent exposed (Jagannathan et al. 2012). Fds with [2Fe-2S]
clusters replaced existing oxygen-sensitive counterparts,
and evolved to get even greater levels of oxygen tolerance,
without substantially altering their capacity for rapid elec-
tron exchange with the F,/Fy protein of the reaction center
(PsaC in chloroplasts and cyanobacteria). Fd docking was
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optimized through interactions with the PsaD and PsaE
subunits. Analysis of the crystal structure of cyanobacte-
rial PSI indicates that the main forces involved in Fd bind-
ing are electrostatic, between acidic residues of the elec-
tron shuttle and positive charges on PsaC, PsaD, and PsaE
(Fromme et al. 2001).

Fds containing [2Fe-2S] clusters are found in both pho-
tosynthetic and non-photosynthetic organisms. They group
together in a general phylogenetic tree that includes Fd-like
domains of multi-domain enzymes (Fig. 1a), thus confirm-
ing a monophyletic origin for all these Fds. It is possible to
distinguish two major subfamilies: the Fds from cyanobac-
teria and plastids, which constitute the “plant-type” clus-
ter (Fig. 1b), and those present in mitochondria and most
heterotrophic microorganisms (Fig. 1a), that have been
termed “proteo-type” Fds and include adrenodoxin and

Fig. 1 Phylogenetic relation-

ships among [2Fe-2S] Fds and (a)
Fd-like domains. a Phylogenetic
tree of Fd and Fd-like domain
sequences. The tree topology
indicates that Fds from cyano-
bacteria and plastids have a
monophyletic origin. The same
holds true for the Fds from
proteobacteria and mitochondria
(“proteo-type”). b Phylogeny

of Fds from cyanobacteria and
plastids, amplified from the
corresponding region of panel
a. Sequences are color-coded
according to their taxonomic
assignment. The scale bars
indicate the number of expected
amino acid substitutions per

site per unit of branch length.
Sequences corresponding to
PFAM domain PF00111 were
aligned with MAFFT version

6 (Katoh and Toh 2008) and

the trees were calculated using
PhyML 3.0 (Guindon et al.

Fds from
proteobacteria
and mitochondria
("proteo-type”)

2010), using the LG model of (b) leaf Fd
amino acid substitution and four (P'ants)
substitution rate categories (@
apicoplastic Fd
Q
FdxH (diazotrophic C

cyanobacteria)

FdC1

Fdc2 \/

putidaredoxin (Ewen et al. 2011). Yeh et al. (2000) have
identified still another family of [2Fe—2S] Fds based on a
thioredoxin-like fold, which are unrelated to those depicted
in Fig. 1.

Canonical Fds from photosynthetic organisms form a
highly supported cluster which includes those present in
non-photosynthetic plastids from plant roots and alveo-
lates, and the Fd isoforms responsible for electron dona-
tion to nitrogenase in diazotrophic B-cyanobacteria (FdxH,
Fig. 1b). The FAC1 and FdC2 proteins from plants, green
algae, and cyanobacteria are more divergent [2Fe-2S] pro-
teins of unknown function (Voss et al. 2011; Zhao et al.
2015; Li et al. 2015), but they also share a common ori-
gin with canonical plant-type Fds (Fig. 1b). The Fd tree
is plagued with putative interdomain HGT events involv-
ing gene transfers between oxygenic phototrophs, the

Fds from
cyanobacteria
and plastids
("plant-type”)

root Fd
(plants)

Taxonomic assignment
Cyanobacteria
Red plastids

Fd domain fused
to DnaJ domain

Non-photosynthetic bacteria

0.4
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Halobacteria archaeal class, and even a few proteobacteria/
actinobacteria/Aquificae (Armengaud et al. 1994; Frolow
et al. 1996; Meyer et al. 2002; Sjoblom et al. 2008; Grinter
et al. 2012; Pierella Karlusich et al. 2015). These sequences
appear scattered throughout the tree (Fig. 1b). In addition,
several studies have demonstrated the acquisition of photo-
synthetic genes, including those encoding Fd, by different
marine cyanophages. This incorporation is thought to help
maintain host photosynthetic activity during infection (Lin-
dell et al. 2004).

The paralogy of Fd-coding genes varies among spe-
cies. Most cyanobacteria contain three or more isoforms,
including divergent Fds such as FAC1 and FdC2 (Poncelet
et al. 1998; Voss et al. 2011). Among eukaryotes, glauco-
phytes and algae from the red-plastid lineage usually have
a single Fd encoded in the plastid genome, whereas green
algae and land plants contain numerous isoforms expressed
from nuclear genes. Six different Fd variants have been
described in Chlamydomonas reinhardtii, a freshwater
chlorophyte (Peden et al. 2013; see also Dubini, this issue),
in the C3 plant Arabidopsis thaliana, with isoforms located
in leaves and roots (Hanke et al. 2004; Voss et al. 2011),
and in the C4 plant maize, present in root plastids and in
mesophyll and bundle sheath chloroplasts (Matsumura
et al. 1997; Sakakibara 2003; Cheng et al. 2008). Photo-
synthetic isoforms usually display higher level of sequence
identity within the same species than among different spe-
cies, indicating that they are the result of relatively recent
gene duplication events (Hanke and Hase 2008). In general,
the main Fd isoform engaged in photosynthetic electron
transport accounts for 80-90% of the total Fd pool in leaves
(Hanke et al. 2004; Terauchi et al. 2009).

Fd expression is affected by many environmental factors.
All isoforms are down-regulated by iron starvation and
adverse conditions leading to oxidative stress (Thimm et al.
2001; Singh et al. 2003; Mazouni et al. 2003; Tognetti et al.
2006; Hruz et al. 2008; Terauchi et al. 2009; Thompson
et al. 2011; Ceccoli et al. 2011). Tissue specificity broadly
correlates with labor division and expression patterns. Iso-
forms involved in photosynthesis are usually light-respon-
sive (Vorst et al. 1993; Lemaire et al. 1999; Whitney et al.
2011). This regulation is complex and involves post-tran-
scriptional mechanisms (Dickey et al. 1992). Root Fds that
participate in nitrogen assimilation as electron donors for
nitrite reductase are induced by nitrate and other oxidized
nitrogen sources, and repressed by ammonia (Matsumura
et al. 1997; Patterson et al. 2010). Two Fd isoforms are pre-
sent in maize root plastids; one of them is expressed consti-
tutively (FdIII), while the other (FdVI) responds to nitrate
(Matsumura et al. 1997). FdVI is also nitrate induced in
mesophyll chloroplasts (Sakakibara 2003). It is unclear
whether this Fd is co-expressed with the photosynthetic
isoform in the same cells and chloroplasts, or if it is present
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in heterotrophic cells of the leaf (Hanke and Mulo 2013).
Some of the non-photosynthetic isoforms have less nega-
tive midpoint redox potentials compared to photosynthetic
Fds (Hanke et al. 2004; Gou et al. 2006), indicating that
they may have a narrower range of suitable electron part-
ners (Peden et al. 2013).

Dinitrogen fixation in microorganisms is an anaerobic
process because nitrogenase is very sensitive to oxygen
inactivation (Schrautemeier et al. 1995). Nitrogen-fixing
cyanobacteria usually express one or more FdxH isoforms
as dedicated electron donors for the nitrogenase, in addi-
tion to the major Fd variant that mediates photosynthesis.
Expression of these “diazotrophic” Fds is regulated by dif-
ferent mechanisms depending on the morphological and/
or physiological strategy for dinitrogen fixation adopted by
the microorganism. In those cyanobacteria in which hetero-
cysts provide the anaerobic environment, such as Anabaena
sp. PCC 7120, a Fd isoform specific for these differenti-
ated cells is expressed under dinitrogen-fixing conditions
(Masepohl et al. 1997). In contrast, in the non-heterocys-
tous, filamentous cyanobacterium Plectonema boryanum,
which fixes nitrogen only in low oxygen environments,
the single FdxH accumulates under microaerobic condi-
tions (Schrautemeier et al. 1994). The two types of FdxH
isoforms and regulatory mechanisms can be present in the
same organism, as it occurs in heterocyst-forming Ana-
baena variabilis (Schrautemeier et al. 1995).

Then, as the atmosphere became progressively oxidant,
recruitment, expansion, and diversification of [2Fe-2S] Fds
increased exponentially from anaerobes to facultatives to
aerobes, including phototrophs (Harel et al. 2014). While
the modifications introduced on Fd sequence, structure, and
interactions significantly increased the capacity of these
proteins to tolerate the oxygen threat, the other unwanted
consequence of an oxidative atmosphere, namely, limita-
tion of iron bioavailability, could not be solved. Fld was the
ultimate solution, since it is both oxygen-insensitive and
does not require iron.

Recruitment of flavodoxin at the acceptor side
of photosystem I

Flds are electron carriers that contain flavin mononucleo-
tide as prosthetic group instead of an iron-sulfur center
(Sancho 2006). Fld redox properties largely match those of
Fd, being able to replace the metalloprotein in most reac-
tions (Pierella Karlusich et al. 2014). They are present in
several bacterial phyla (including cyanobacteria), and in
the chloroplasts of some algae, but not in plants, fungi, or
animals (Pierella Karlusich et al. 2015). Both the [2Fe-2S]
cluster of Fd and the flavin group of Fld can in principle
exchange one or two electrons. However, experimen-
tal measurements showed that they behave as obligatory
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one-electron carriers, switching between the Fe*, Fe’t/

Fe’*, Fe>* (Bott 1999) and the semiquinone/hydroquinone
states, respectively (Nogués et al. 2005). These transitions
have similar redox potentials (—400 to —430 mV for the
photosynthetic isoforms), which allow the two proteins to
fulfill their roles as low-potential electron shuttles.

Photosynthetic Fd has been shown to be more efficient
than FId in all reactions assayed in vitro, including NADP*
photoreduction by isolated thylakoids and thioredoxin
reduction by Fd-thioredoxin reductase in reconstituted sys-
tems (Tognetti et al. 2006). FNR-mediated reactions are
the best characterized at the kinetic level, revealing some
interesting features. The k_, /K, value of Anabaena Fd was
reported to be ~25-fold higher than that of Fld (Medina
et al. 1998). The strength of the interactions with Anabaena
FNR, as reflected by the Michaelis constants, was simi-
lar for both carriers, indicating that the gain in efficiency
was at the expense of electron transfer rates (Medina et al.
1998). It is likely that the complex electronic configura-
tion of the flavin is not flexible enough to attain the high
electron transfer rates typical of transition metals. Iron
ions contain incompletely filled d orbitals which can read-
ily accept electrons from different partners with various
geometries, making them particularly versatile in oxido-
reductive processes. It is actually remarkable that some of
these electron transfer reactions can be mimicked by the
particular arrangement of n-orbitals found in the isoalloxa-
zine ring system.

The subcellular location of Fld in phototrophs corre-
sponds to that of Fd, namely, the cyanobacterial cytosol
and algal chloroplasts (La Roche et al. 1996). When both
carriers are present in the same species, the Fld gene is typ-
ically induced as an adaptive resource under environmen-
tal or nutritional hardships that compromise Fd expression
or activity such as iron limitation and oxidative stress. The
relevance of this replacement for survival and reproduction
varies among species. In the cyanobacterium Synechocys-
tis sp. PCC 6803, for instance, disruption of the Fld-coding
gene has no fatal consequences, even under iron limitation
(Kutzki et al. 1998), whereas the gene encoding the main
Fd isoform was found to be essential in spite of Fld induc-
tion (Poncelet et al. 1998). However, several exceptions to
this rule are documented, and a few Fld-specific pathways
have been described in non-photosynthetic prokaryotes.
Indeed, FId is an essential gene in Escherichia coli and
Helycobacter pylori, while Fd is not (Zheng et al. 1999;
Freigang et al. 2002; Puan et al. 2005).

FId is induced under various environmental hardships
to take over Fd functions, but iron limitation appears to
be the key factor determining its adaptive value. Evalua-
tion of genomic and metagenomic data showed that micro-
organisms lacking this flavoprotein are usually confined
to iron-rich coastal areas while Fld-containing marine

microorganisms are preferably located in oceanic environ-
ments (Toulza et al. 2012; Pierella Karlusich et al. 2015).
The importance of Fld in the dynamics of sea ecology can
be gauged by its use as a proxy for iron deficiency in the
oceans (La Roche et al. 1996; Erdner and Anderson 1999).
Since Fld role as a backup of Fd appears to be a response
to aerobiosis, it is natural to assume that Fld evolved well
after Fd. Surprisingly, this is not the case.

Phylogenomic evaluation of protein fold architecture
actually placed the Fld structure among the nine most
ancestral and widely shared folds, appearing immediately
after Fd, and long before diversification of prokaryotes
(Caetano-Anollés et al. 2007). Then, these early Flds either
played roles independent from Fd substitution or responded
to environmental cues not related to aerobiosis and/or iron
starvation. Most likely, they were recruited to replace iron-
and oxygen-sensitive Fd at a later stage, after oxygen build-
up. The widespread presence of Fld in anaerobes and the
existence of Fld-specific metabolic routes (Freigang et al.
2002; Puan et al. 2005) provide circumstantial evidence to
this hypothesis.

Flds are classified as short-chain or long-chain depend-
ing on the presence of a 20-amino acid loop of unknown
function, with the photosynthetic Flds belonging to the
latter class (Sancho 2006). A complete Fld tree has been
recently reported (Pierella Karlusich et al. 2015). It shows
that long-chain Flds form a monophyletic group distrib-
uted between photosynthetic eukaryotes and various bac-
terial phyla besides cyanobacteria (Pierella Karlusich
et al. 2015). The flavoproteins present in phototrophs are
themselves divided in three different clades. The algal and
a-cyanobacterial sequences assemble into a single clade,
whereas the Flds from p-cyanobacteria are distributed in
the two other clades (Pierella Karlusich et al. 2015).

The most remarkable observation derived from the phy-
logenetic analysis was that the eukaryotic Flds are basal
with respect to their a-cyanobacterial counterparts in the
algal/a-cyanobacterial clade (Pierella Karlusich et al.
2015). This topology differs from those inferred from other
genetic markers such as 16S rRNA, PsbO or PsbA, which
show all cyanobacterial sequences grouping in a basal posi-
tion with respect to the eukaryotic clades, in agreement
with the existence of the primary endosymbiotic event
(Keeling 2013). The conflicting topology involving the
a-cyanobacterial position in the Fld tree with respect to the
cyanobacterial-plastid tree might indicate an HGT event
from an eukaryotic donor to an a-cyanobacterium (Pierella
Karlusich et al. 2015).

The phylogenetic distribution analysis indicates that
retention of the Fld-coding gene along the path of evolution
has been disparate, showing a clear bias towards iron-defi-
cient habitats such as open oceans (Erdner and Anderson
1999; see also Fig. 2). This situation occurs even among
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Fig. 2 Phylogenetic distribu-
tion of Fd and Fld in cyano-
bacteria and photosynthetic
eukaryotes and its relationship
with the iron bioavailability

in their habitats. The phylo-
genetic trees of cyanobacteria
and photosynthetic eukaryotes
are based on the 16S and 18S
rRNA sequences, respectively. ’
For each species, the presence
(green circles) or absence of !
Fd- and Fld-coding genes, as
well as the iron levels at the :
site of isolation (red bars), are
shown. Lengths of the red bars
provide an estimation of iron
level as high, intermediate,

or low (adapted from Pierella
Karlusich et al. 2015)
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species of the same genera, such as the closely related chlo-
rophytes Bathycoccus and Ostreococcus (Pierella Karlu-
sich et al. 2015). In this context, HGT from an eukaryote
to an a-cyanobacterium seems to be related to ecological
adaptations to iron bioavailability. The a-cyanobacterial
lineage has a freshwater origin, and early diverging
a-cyanobacteria, which are from high-iron environments,
do not contain Fld (Pierella Karlusich et al. 2015). When
they colonized marine environments, the reacquisition of
FIld from an eukaryote might have helped this lineage to
tolerate iron deficiencies typical of the open oceans (Piere-
lla Karlusich et al. 2015).

The loss of the Fld gene from the plant genome might
also be related to ecological adaptations to iron bioavaila-
bility and the successive stages of land colonization (Piere-
lla Karlusich et al. 2014). The phylogenetic distribution of
the Fld-coding gene implies that it has been most likely lost
long before the origin of plants, as it has not been found
in charophytes, a group of freshwater and terrestrial algae
that includes the sister lineage of land plants (Leliaert et al.
2011). It is likely that the Fld-coding gene was no longer
required in an environment in which iron was both abun-
dant and readily accessible (Pierella Karlusich et al. 2015).
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Under such conditions, selection pressures for Fld retention
as an adaptive trait to replace iron-demanding Fd might
have been relaxed.

The collected results indicate that the Fld-coding gene
has a complex evolutionary dynamics strongly associated
with the geochemistry of iron. This behavior contrasts
with that of Fd-coding genes, which have been found in all
described algae and cyanobacteria, even in those thriving
in iron-limited environments (Fig. 2).

Evolution of the transducer, ferredoxin-NADP*
reductase

FNRs are FAD-containing enzymes that mediate the
reversible electron transfer between two molecules of
Fd or FId and one molecule of NADP(H) (Aliverti et al.
2008). While Fd/Fld can exchange reducing equivalents
with many different enzymes (Hase et al. 2006; Hanke and
Mulo 2013), FNR is certainly the main partner in photo-
synthetic tissues. This reductase behaves as a general elec-
tronic switch that connects the universe of obligatory two-
electron carriers (i.e., pyridine nucleotides) with that of
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obligatory one-electron shuttles such as transition metals,
taking advantage of the relatively small differences existing
in the redox potentials for the one- and two-electron trans-
fer processes of its FAD cofactor (Carrillo and Ceccarelli
2003). Considering their strategic position as electronic
hubs, it is not surprising that FNRs are found in all kinds of
organisms displaying very different lifestyles. Noteworthy,
not all flavoenzymes exhibiting FNR activity derive from
a common ancestor. Indeed, at least three different classes
have been defined based on their basic 3D-conformation.
The enzymes present in Gram-positive bacteria belong
to the NADPH-dependent thioredoxin reductase family
of flavoproteins (Seo et al. 2016a, b), and are termed the
TR-class FNRs. They are also found in archaea and some
Gram-negative prokaryotes including green sulfur bacteria
and proteobacteria. The two other classes are structurally
related to the disulfide reductases, whose prototype is glu-
tathione reductase (Ziegler and Schultz 2000), and to the
flavin reductases (Bruns and Karplus 1995), constituting
the DR and FR classes, respectively. Then, in a remarkable
case of convergent evolution, nature made use of different
flavoproteins as bauplan to develop the desired function,
underscoring the relevance of this reductase for electron
transfer under a wide range of physiological conditions.
Most organisms contain FNRs of a single class (FR in
cyanobacteria), but plants also have a reductase from the
DR class in mitochondria, presumably derived from the
a-proteobacterial endosymbiont.

The FR-class FNRs of chloroplasts and cyanobacteria
are made up of two structural domains, with the N-terminal
region binding FAD and the C-terminal region NADP(H)
in a typical Rossman-fold conformation (Bruns and Kar-
plus 1995; Aliverti et al. 2008). Docking of Fd and Fld
takes place at the cleavage between the two domains (Mar-
tinez-Julvez et al. 1999). Despite their disparate origin, FR-
and DR- class FNRs can be functionally exchanged in vitro
(Faro et al. 2003; Zollner et al. 2004). The isoforms present
in non-photosynthetic plastids are most likely the product
of a duplication event with minimal functional changes
relative to their chloroplast counterparts (Ceccarelli et al.
2004).

Interestingly, some cyanobacterial FNRs harbor an extra
domain of ~10 kDa at their N-termini, which displays
significant sequence similarity with the 9-kDa CpcD rod-
capping polypeptide (Schluchter and Bryant 1992) and the
C-terminal region of CpcC (Six et al. 2005), both compo-
nents of the phycobilisomes (PBS), the light-harvesting
antenna complexes in most cyanobacteria (Watanabe
and Ikeuchi 2013). Indeed, this longer 3-domain version
of FNR has only been found in cyanobacteria contain-
ing PBS. Conversely, not all PBS-containing species have
3-domain FNRs (Fig. 3). The CpcD-like domain is respon-
sible for attachment of this FNR to the peripheral rods of

PBS (Morsy et al. 2008; Arteni et al. 2009; Korn et al.
2009). Phylogenetic analysis shows that basal cyanobacte-
ria [Gloeobacter, Synechococcus sp. JA-3-3Ab, Synecho-
coccus sp. JA-2-3B’a (2-13), Pseudanabaena] only have
two-domain FNRs although they do contain PBS (Fig. 3),
suggesting that the CpcD-like domain was acquired at
a later stage, probably after transfer to the first photosyn-
thetic eukaryote through the primary endosymbiotic event,
since both glaucophytes and red algae have PBS and two-
domain FNRs (Fig. 3). In green algae and plants, as well
as in secondary-plastid-bearing algae, PBS were replaced
by light-harvesting complexes (LHC, Fig. 3). Cryptophytes
have phycobiliproteins but they are not organized as PBS
(Cheregi et al. 2015).

The results therefore suggest that the gene coding for
the two-domain FNR was fused to CpcD-like sequences
in a cyanobacterial lineage with PBS, giving rise to the
three-domain FNR gene, which then spread to other cyano-
bacteria by vertical transfer. The CpcD-like domain was
independently lost in four cyanobacterial lineages that
also lost PBS (B-cyanobacteria Acaryochloris sp. CCMEE
5410, Prochloron and Prochlorothrix, and the terminal
a-cyanobacteria Prochlorococcus), but was maintained
in all other lineages keeping PBS (Fig. 3). In Prochloro-
coccus, the N-terminal domain of FNR corresponds to a
transmembrane o-helix, while the basal a-cyanobacteria
(Cyanobium and Synechococcus) have three-domain FNRs
and PBS.

Some cyanobacteria have genes encoding for a three-
domain FNR but they can produce the two-domain version
by using an alternative promoter and an internal Met codon
(Thomas et al. 2006; Omairi-Nasser et al. 2011). Interest-
ingly, PBS-containing cyanobacteria that are able to pro-
duce both FNRs (Synechocystis sp. PCC6803, Synechococ-
cus sp. PCC7002, Anabaena sp. PCC7120) are facultative
heterotrophs, whereas obligate phototrophs (Synechococcus
elongates, Thermosynechococcus elongatus) lack the inter-
nal Met and only express the three-domain FNR (Thomas
et al. 2006). Morsy et al. (2008) have studied the subcel-
lular localization of FNR in the cyanobacterium Spirulina
platensis and the red alga Cyanidium caldarium. Although
both microorganisms are photoautotrophs bearing PBS as
light-harvesting complexes, FNR localization and mem-
brane-binding characteristics were different. Spirulina
expressed a three-domain reductase which was distributed
between PBS and thylakoid membranes, while the FNR
from Cyanidium was a two-domain protein tightly bound
to thylakoids, without any detectable interaction with PBS
(Morsy et al. 2008).

Removal of the CpcD-like domain results in solubiliza-
tion of an active two-domain FNR from PBS, and there is
ample evidence that soluble FNR favors electron exchange
in the direction of NADPH oxidation in cyanobacteria
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Fig. 3 Phylogenetic distribu-
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(Korn et al. 2009). This might represent a labor division
in those cases in which there exists the possibility of a
dynamic exchange between membrane and solution. It has
been argued that the three-domain PBS-associated FNR
could participate in NADP* photoreduction, and the solu-
ble one in cyclic electron transport and heterotrophic redox
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pathways (Korn et al. 2009). Indeed, election between
the “long” and “short” versions of the flavoprotein might
respond to these demands. In Synechocystis sp. PCC6803,
a fresh-water non-diazotrophic cyanobacterium, expression
of the two-domain FNR is induced by heterotrophic growth
conditions, and by nitrogen and iron deficiency, whereas
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accumulation of the three-domain isoform was not affected
(Thomas et al. 2006). In diazotrophic Anabaena sp.
PCC7120, expression of the two- and three-domain FNRs
was perfectly split between heterocysts and vegetative cells,
respectively (Omairi-Nasser et al. 2014).

Then, FNR evolved from a soluble enzyme in het-
erotrophic bacteria to a membrane-bound reductase in
phototrophs, using different mechanisms of membrane
association. In plants, two-domain FNR molecules are
dynamically exchanged among three different chloroplast
compartments: the thylakoid membrane, the stroma, and
the inner envelope membrane (Hanke et al. 2005; Benz
et al. 2009). Two Arabidopsis chloroplast proteins, At-
TROL and At-TIC62, which possess conserved proline-rich
FNR-binding motif(s) in their C-termini, have been shown
to mediate anchoring of FNR to the thylakoid membrane
(Benz et al. 2009; Juric et al. 2009; Alte et al. 2010; Lintala
et al. 2014). FNR assembles into thylakoid protein com-
plexes of approximately 500 and 190 kDa with At-TIC62
and At-TROL, respectively (Benz et al. 2009; Juric et al.
2009). The physiological roles of the soluble and mem-
brane-bound pools of FNR have not been clarified. Several
observations suggested that the rate of NADP* photore-
duction was higher in the thylakoid-bound complex than
in the soluble form, as in cyanobacteria (Forti and Bracale
1984; Rodriguez et al. 2007). Nevertheless, as plant per-
formance was not markedly affected in Arabidopsis fur!
and tic62 trol mutants lacking FNR associated to thylakoid
membranes, the soluble reductase pool also appears to be
photosynthetically competent (Lintala et al. 2007, 2014),
so that the importance of membrane attachment remains
an open question. Yang et al. (2016) identified a rice pro-
tein, LIR1, as an FNR-interacting partner that modulates
binding of the flavoenzyme to the membrane anchor. Rice
lirl knock-out plants had slightly impaired photosynthetic
capacity, whereas no such effect was observed in the analo-
gous Arabidopsis mutants (Yang et al. 2016). Distribution
of FNR in thylakoids, envelope, and stroma also depends
on the nature of the isoform involved (Twachtmann et al.
2012).

Further adaptations to oxygenic photosynthesis:
reversion of electron transfer direction
and increased catalytic efficiency of FNR

As already indicated, enzymes with FNR activity are wide-
spread, and were certainly present in anaerobes prior to
the evolution of oxygenic photosynthesis. In heterotrophic
microorganisms, mitochondria, and non-photosynthetic
plastids, the direction of electron transfer is from NADPH
to oxidized Fd or Fld, and the main function of the reduc-
tase was to provide these low-potential promiscuous

carriers to electron-consuming reactions (Carrillo and Cec-
carelli 2003). In chloroplasts and cyanobacteria, instead,
electron flow proceeds backwards. While the overall elec-
tron exchange process remains fully reversible, the change
in direction was accompanied by modifications in the mid-
point redox potential of FNR and/or Fd/FId that favored
NADP? reduction.

Besides reversing the direction of preferred electron
transport, photosynthetic FNRs experienced a formidable
increase in catalytic competence relative to their hetero-
trophic counterparts, with turnover numbers of 200-500 s~
for the reductases of cyanobacteria and plants, and less
than 10 s~! for the FNRs present in most bacterial species
(Carrillo and Ceccarelli 2003; Ceccarelli et al. 2004; see
however; Catalano Dupuy et al. 2011). This improvement is
entirely accounted for by a drastic increase in the k,, values,
while the K, for NADP(H), Fd, and Fld remain in the low
micromolar range for all reductases (Carrillo and Cecca-
relli 2003). Optimization of FNR catalytic efficiency might
be related to the demands of the photosynthetic process that
requires a very fast electron flow to sustain CO, fixation
rates. In organisms growing on heterotrophic metabolisms
or anoxygenic photosynthesis, FNR is involved in pathways
that proceed at a much slower pace (McLean et al. 2003;
Bortolotti et al. 2009; Yeom et al. 2009; Seo et al. 2016a,
b). Then, the maximal rates that each reductase can attain
correlate fairly well with the demands of the pertinent
metabolic pathway of which it is a committed member.
Exceptions are the FNR isoforms present in plastids from
non-photosynthetic plant tissues (such as root amyloplasts)
that display high specific activities in the context of a het-
erotrophic metabolism whose partner enzymes (i.e., nitrite
reductase) turn over at 10-20 s~! (Hirasawa et al. 1993). It
should be kept in mind, however, that these flavoenzymes
evolved from photosynthetic ancestors present in preexist-
ing chloroplasts (the primary descendants of the cyanobac-
terial endosymbiont) in relatively recent times. The advent
of terrestrial plants with diversified tissues and organs gave
origin to the non-photosynthetic plastids of roots, fruits,
petals, etc., all derived from chloroplasts and harboring
the same reduced genome (Waters and Pyke 2005). Most
plastid-targeted photosynthetic components ceased to be
expressed in these tissues but a few, including FNR, were
recruited to play new functions and acquired novel regula-
tory mechanisms of expression (Hanke et al. 2005; Hachiya
et al. 2016). Then, the high activity profile of amyloplast
FNR, for instance, is likely a remnant of its recent chloro-
plastic past.

An additional consequence of the increased activ-
ity of photosynthetic FNR was faster reoxidation of Fd
for reaction with reduced F,/Fy. Together with the redox
potential inversion described before, this FNR modi-
fication improved Fd competition with oxygen for the
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reducing equivalents generated at PSI, further contributing
to the protection of the [4Fe—4S] di-cluster from oxidative
denaturation.

Concluding remarks

The reducing side of PSI is made up of a group of elec-
tron transfer proteins containing iron-sulfur clusters and fla-
vins as prosthetic groups. All these carriers and enzymes
underwent profound and concerted evolutionary changes
along the path that led from anoxygenic to oxygenic pho-
tosynthesis. Structural comparisons and phylogenetic
analyses reveal that modifications were directed to protect
themselves against inactivation by oxygen and its reac-
tive derivatives generated by partial reduction at PSI and
energy transfer at PSII. Changes introduced included
shielding from solvent of the [4S—4Fe] clusters of F,/Fg
and the [2S-2Fe] center of Fd, transient recruitment of
iron-free Fld, and significant increases in the catalytic turn-
over of FNR. The resulting electron transfer system was
able to operate at high rates, compatible with the demands
of CO, fixation, and minimal electron leakage to oxy-
gen, even in the super-saturated environment of oxygenic
photosynthesis.
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