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As the oldest known lineage of oxygen-releasing photosynthetic organisms, cyanobacteria
play the key roles in helping shaping the ecology of Earth. Iron is an ideal transition metal
for redox reactions in biological systems. Cyanobacteria frequently encounter iron
deficiency due to the environmental oxidation of ferrous ions to ferric ions, which are highly
insoluble at physiological pH. A series of responses, including architectural changes to
the photosynthetic membranes, allow cyanobacteria to withstand this condition and
maintain photosynthesis. Iron-stress-induced protein A (IsiA) is homologous to the
cyanobacterial chlorophyll (Chl)-binding protein, photosystem Il core antenna protein
CP43. IsiA is the major Chl-containing protein in iron-starved cyanobacteria, binding up
to 50% of the Chl in these cells, and this Chl can be released from IsiA for the reconstruction
of photosystems during the recovery from iron limitation. The pigment—protein complex
(CPVI-4) encoded by isiA was identified and found to be expressed under iron-deficient
conditions nearly 30years ago. However, its precise function is unknown, partially due to
its complex regulation; isiA expression is induced by various types of stresses and
abnormal physiological states besides iron deficiency. Furthermore, IsiA forms a range of
complexes that perform different functions. In this article, we describe progress in
understanding the regulation and functions of IsiA based on laboratory research using
model cyanobacteria.

Keywords: CP43, cyanobacteria, iron deficiency, IsiA, photosynthesis

INTRODUCTION

Cyanobacteria are the oldest known lineage of oxygen-releasing photosynthetic organisms
(Fournier et al., 2021). Oxygenic photosynthesis, which was first invented by cyanobacteria,
is widely thought to have led to the ancient conversion of the reducing atmosphere into an
oxidizing one (Nealson and Myers, 1990; Wang et al., 2017; Catling and Zahnle, 2020). Then,
oxidative phosphorylation provides energy support for the evolution of larger individuals and
the formation of the ozone layer made it possible for life to come ashore (Vik, 2007; Jie
et al,, 2019). Cyanobacteria are evolutionary ancestors to chloroplasts, and the comparison of
chloroplasts and cyanobacteria showed their similarities (Tomitani, 1999). Thus, cyanobacteria
helped shaping the ecology of this blue planet more than any other group of organisms until
humans developed modern technologies.
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Fe, the fourth most common elements in the earth’s crust,
mostly exists in the form of ferrous iron. Iron can have multiple,
coordination-dependent electrical potentials (—2 to +6), making
it an ideal transition metal for redox reactions in biological
systems (Guerinot and Yi, 1994). Iron involved in basic
biochemical functions in early life, including nitrogen reduction,
pigment synthesis and degradation, fatty acid metabolism, and
DNA synthesis, which created an irreversible link between Fe
and life (Wrigglesworth and Baum, 1980). Accordingly,
cyanobacteria have heavily incorporated iron into their basic
electron transport systems for photosynthesis. The photosynthetic
apparatus therefore represents one of the most iron-enriched
cellular systems, requiring 23 to 24 atoms of iron in a single
linear electron transport chain, including 12 iron atoms in
the 4Fe-4S centers of PSI (Ferreira and Straus, 1994; Raven
et al,, 1999; Behrenfeld and Milligan, 2013; Guowei et al., 2021).

During oxidization, ferrous iron is oxidized to ferric iron,
which is hardly soluble in water and has low bioavailability
at a physiological pH (Guerinot and Yi, 1994). Iron deficiency
is therefore a common stress encountered by cyanobacteria,
which can lead to a significant decrease in their chlorophyll
(Chl)-binding protein contents (Guikema and Sherman, 1984).
Cyanobacteria have evolved several responses that allow them
to withstand this physiological crisis and maintain photosynthesis
under iron deficiency. In response to limited iron bioavailability,
the phycocyanin (PC) and Chl a contents of cyanobacteria
are reduced, along with a large decrease in the number of
phycobilisomes, the main light harvesting proteins of PSII
embedded in the thylakoid membrane (Guikema and Sherman,
1983; Sherman and Sherman, 1983; Guikema and Sherman,
1984; Pakrasi et al, 1985a; Odom et al., 1993; Falk et al,
1995). As the number of iron-containing proteins, such as Fd
and Cytc553, decreases, the iron-stress-induced proteins, such
as flavodoxin, PC, IsiA, IdiA (iron deficiency induced protein A),
and OCP (orange carotenoid protein), become more abundant
(Laudenbach and Straus, 1988; Odom et al., 1993; Exss-Sonne
et al., 2000; Sandstrom et al., 2002; Wilson et al., 2006). Iron
deficiency also results in carotenoid (Car) accumulation and
enhances fatty acid desaturation (Ivanov et al, 2007). Along
with these diverse structural and compositional changes, iron
deficiency affects many photochemical properties of PSII and
PSI, resulting in a decrease in the PSI/PSII ratio. This decrease
inhibits linear intersystem electron transport but enhances cyclic
electron transport around PSI (Ivanov et al., 2000; Sandstrom
et al, 2002) and reduces the capacity for state transitions,
locking the cyanobacteria in state I, in which PSI absorbs
more light energy than PSII, and more excitation energy is
transferred to PSII (Ivanov et al., 2006).

Among the proteins involved in the response to limited
iron bioavailability, IsiA is an excellent marker of iron deficiency,
as it is strongly induced and becomes the most abundant
Chl-binding protein in iron-starved cells (Burnap et al., 1993).
Over the past 30years, extensive research has been performed
on IsiA, but its exact function has not been determined. Table 1
lists the nine most highly co-cited articles and the main findings
of these articles. From these top-cited publications, we clearly
observed the evolution of IsiA research over time. The isiA

TABLE 1 | The nine most highly co-cited references published before 2021.

Rank Number of References Main results
co-citations
1 275 Bibby et al. (2001a) Iron deficiency
Nature, 412, 743— induces the
745 formation of IsiAg-
PSl; in
Synechocystis sp.
PCC 6803
2 260 Boekema et al. Iron deficiency
(2001) Nature, 412, induces the
745-748 formation of IsiA;g—
PSl; in
Synechococcus sp.
PCC 7942
3 107 Yeremenko et al. IsiA forms various
(2004) Biochemistry, — complexes and
43, 10,308-10,313 functions as an
energy collector and
dissipater during
prolonged iron
stress
4 99 Park et al. (1999) IsiA protects
Molecular photosystem Il from
Microbiology, 32, excess light under
123-129 iron-limited
conditions
5 95 Havaux et al. (2005)  IsiA protects
FEBS Letters, 579, cyanobacteria from
2,289-2,292 photooxidative
stress and plays a
photoprotective role
6 74 Melkozernovet al. The IsiA antenna
(2003) Biochemistry,  ring is efficiently
42, 3,893-3,903 coupled to the PSI
reaction center core
7 73 Andrizhiyevskaya The IsiA ring
et al. (2002) BBA- increases the
Bioenergetics, 1,556, absorption cross
265-272 section of PSI by
about 100%
8 69 Sandstrém et al. ISiA functions as an
(2001) excitation energy
Photochemistry and  dissipator that
Photobiology, 74, protects
431-437 photosystem Il from
excess light under
iron-limited
conditions
9 52 Jeanjean et al. (2003) IsiA is induced by

FEBS Letters, 549,
52-56

oxidative stress,
suggesting it plays a
role in
photoprotection

gene was first reported by Laudenbach and Straus in 1988
(Laudenbach and Straus, 1988), with the protein product
identified in 1993 (Burnap et al, 1993). IsiA was initially
proposed to protect PSII from excessive excitation (Park et al.,
1999; Sandstrom et al., 2001); however, two groups simultaneously
identified the IsiAjg-PSI trimer complex in two model
cyanobacteria species (Bibby et al., 2001a; Boekema et al,
2001), with later studies demonstrating that IsiA was efficiently
coupled to the PSI reaction center core (Andrizhiyevskaya
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et al., 2002; Melkozernov et al., 2003). Subsequently, it was
discovered that IsiA formed various complexes and had dual
functions as an energy collector and an energy dissipater under
prolonged iron deficiency (Yeremenko et al., 2004). These results
represent the intellectual base of IsiA research.

The aim of this article is to provide a detailed review of
IsiA research that will help research groups focus their studies
on the key issues. Also, it highlights the issues that remain
to be addressed.

EXPRESSION AND REGULATION OF
isiA

Induction of isiA Expression Under
Environmental Stresses

A Chl-protein complex, designated CPVI-4, is the major
pigment-protein complex in cyanobacteria under iron-starved
conditions, which was first described in 1985 (Pakrasi et al.,
1985b). Burnap et al. (1993) provided evidence that the CPVI-4
complex was encoded by isiA, an iron-stress-induced gene.
The isiA gene is widely distributed in most cyanobacteria, but
no homologs were found in plants (Gonzélez et al., 2018). It
is cotranscribed from the isiAB operon containing the isiB
(flavodoxin gene), isiC and isiD (unknown functions) in
Synechococcus sp. PCC 7942, Synechococcus sp. PCC 7002, and
Synechocystis sp. PCC 6803 (Laudenbach and Straus, 1988;
Leonhardt and Straus, 1992; Vinnemeier et al., 1998; Kojima
et al,, 2006). In Anabaena sp. PCC 7120, however, isiA and
isiB were found to be separately transcribed (Leonhardt and
Straus, 1994). The IsiA protein is often called CP43’ because
its amino acid sequence is homologous to that of PsbC, the
CP43 protein in cyanobacterial PSIL. IsiA, like CP43, is predicted
to comprise six transmembrane helices, but it lacks the large
hydrophilic loop that joins the luminal ends of helices V and
VI in CP43 (Laudenbach and Straus, 1988).

Li et al. (2019) reported that cyanobacterial IsiA had a
predictable biogeographical distribution in the marine
environment, consistent with the perceived biological role of
IsiA as an adaptation to low-iron conditions. However, isiA
transcription was initially discovered in iron-starved cells, it
is also found to be induced by other environmental stresses,
including salt, heat, oxidative stress, and high levels of light
(Vinnemeier et al., 1998; Yousef et al., 2003; Havaux et al.,
2005). Vinnemeier et al. (1998) observed that the salt-induced
accumulation of isiA mRNA was not repressed by the addition
of iron; thus, it was unlikely that the salt-dependent induction
of isiA was due to a reduced iron uptake in the salt-stressed
cells. A reasonable explanation for this is that there may be a
common signal for the induction of isiA generated by salt
stress and iron deficiency. Iron deficiency and other stress
conditions all eventually lead to a secondary oxidative response
(Xu et al., 2014a; Xiao et al., 2018; Yu et al., 2018). Moreover,
hydrogen peroxide was found to induce isiA transcription much
faster than other stresses (Yousef et al., 2003; Diithring et al,
2006); therefore, it is tempting to hypothesize that the oxidative
response may be the common downstream signal that regulates

isiA transcription. In agreement with this hypothesis, isiA
expression was abolished when iron-stressed cells were grown
in the presence of the antioxidant tempol (Latifi et al., 2005).
It was also observed that isiA transcription was not induced
by iron deficiency in cells acclimated to low Mn levels, which
had a low PSII activity and decreased electron transport,
minimizing the downstream oxidative damage (Salomon and
Keren, 2015). This hypothesis explains why isiA is expressed
in some mutants; for example, the deletion of psaF] or pet]
resulted in the accumulation of electrons at PSI, with the
resulting higher levels of reactive oxygen species triggering
the expression of the isiAB operon (Ardelean et al, 2002;
Jeanjean et al., 2003). The biosynthesis of the IsiA protein was
also induced by high light, protecting cyanobacteria from
photooxidative stress (Havaux et al., 2005), although the IsiA
levels remained much less abundant than in cyanobacteria
experiencing iron deficiency.

However, no studies have provided evidence that isiA
transcription is accompanied by protein biosynthesis under
salt, heat, or oxidative stress (Vinnemeier et al., 1998; Hagemann
et al., 1999). Mutants lacking isiA treated with high salt had
only a slightly reduced salt tolerance (Karandashova et al,
2002) and were more resistant to hydrogen peroxide while
being more susceptible to sublethal heat stress (Singh et al.,
2005; Kojima et al, 2006). This suggests that IsiA functions
at an undetectable or very low level under these stress conditions
compared to high light and iron deficiency stresses. Indeed,
the accumulation of isiA mRNA was transiently induced by
salt, heat, and oxidative stress, with levels peaking and then
immediately decreasing sharply or even disappearing. By contrast,
the isiA mRNA maximum prevailed for a longer period under
high light and iron deficiency stresses (Vinnemeier et al., 1998;
Yousef et al., 2003; Diihring et al., 2006). The modification
of isiA mRNA stability likely also affects the levels of IsiA
in cells.

Overall, although the oxidative response could be a secondary
signal triggering isiA (or isiAB operon) transcription, there
are some differences in the mechanisms by which iron deficiency
stress and oxidative stress (e.g., salt, heat, hydrogen peroxide,
and high light stress) induce isiA expression. These differences
are reflected in the stability of the isiA mRNA and ultimately
in IsiA accumulation in cells.

Regulation of isiA Expression

The negative regulation of isiA is achieved at both the
transcriptional and post-transcriptional levels by FurA (ferric
uptake regulator A) protein and isrR (iron stress-repressed
RNA) microRNA, respectively. It is widely accepted that FurA
is a global transcription repressor that uses iron as a cofactor,
which binds specifically to arrays of A/T-rich sequences known
as Fur boxes. Once iron becomes scarce in the environment,
FurA is inactivated by the release of iron, triggering the
derepression of genes regulated by FurA (Mills and Marletta,
2005). The inactive FurA detaches from the upstream region
of the isiAB operon; subsequently, the isiA/isiB genes are
transcribed under the iron-deficient conditions. furA is an
essential gene and was never completely inactivated by insertional
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mutation; however, heteroallelic furA mutants exhibited a blue
shift in the main red Chl absorption band under iron-deficient
conditions, which is a characteristic symptom of iron deficiency
resulting from the appearance of IsiA proteins (Ghassemian
and Straus, 1996; Kunert et al., 2003).

Recently, it was reported that the FtsHI1/FtsH3 protease
heterocomplex mediates the degradation of the FurA repressor
and thus promotes IsiA accumulation, which was important
for the acclimation of cells to iron deficiency (Krynicka et al.,
2014). These results indicate that both the modification of the
activity and abundance of FurA influence isiA transcription.
Other studies have shown that antisense RNAs interfere with
the translation of furA transcripts, post-transcriptionally affecting
the levels of FurA in cyanobacteria (Hernandez et al., 2006;
Sevilla et al., 2011). Moreover, the furA antisense RNA was
upregulated as a consequence of oxidative stress (Martin-Luna
et al,, 2011), suggesting that the induction of isiA expression
under stress environmental may result from the subsequent
oxidative response reducing the level of furA mRNA by
upregulating its antisense RNA and removing its inhibition of
isiA expression.

istR is an antisense RNA transcribed from the noncoding
strand of isiA. Under optimal growth conditions, isrR is highly
abundant, while isiA mRNA is not detectable (Diihring et al.,
2006; Xu et al., 2014b). By contrast, isrR is degraded and isiA
mRNA becomes more abundant upon iron deficiency (Diihring
et al., 2006), suggesting that the degradation of isrR and isiA
mRNA is linked and could be a reversible switch that responds
to iron deficiency. In addition, the degradation of isrR was
induced by high light and hydrogen peroxide stress (Diihring
et al., 2006), indicating another possible mechanism by which
isiA is induced by various environmental stresses. These stresses
caused an oxidative response, which may promote the degradation
of isrR by unknown regulators and derepress the accumulation
of isiA mRNA.

Iron deficiency and oxidative stress both stimulate the
biosynthesis of IsiA by repressing the levels of isrR and FurA;
however, iron deficiency has a much greater effect on the
induction of isiA expression than does oxidative stress. On
the one hand, oxidative stress may not effectively repress the
activity of FurA mediated by the loss of iron compared to
iron-deficient stress itself, although reactive oxygen species can
also detach ferrous iron from FurA. On the other hand, this
difference could result from the more rapid decrease of isiA
mRNAs under hydrogen peroxide stress than under iron-deficient
stress (Dithring et al, 2006). Mathematical modeling and
quantitative experimental analyses showed that isrR restricted
the accumulation of isiA mRNA under prolonged, severe, and
unremitting stress conditions, and it was found to be responsible
for the rapid decline in isiA mRNA levels once the stress was
removed (Legewie et al., 2008). Thus, Legewie et al. (2008)
speculates that iron deficiency may stimulate a longer oxidative
response than oxidative stress in the repression of isrR, which
maintains the stability of isiA mRNA for translation, promoting
the accumulation of IsiA protein. Consistent with this hypothesis,
IsiA was found to accumulate during the transition from the
exponential phase to the stationary phase of growth when

PSIT photoprotection occurred (Durham et al, 2002; Singh
and Sherman, 2006; Foster et al., 2007).

In addition to negative regulation, isiA transcription has
also been shown to be positively regulated. As a transcriptional
repressor, FurA binds to Fur-boxes near the promoter sequences
of the isiA gene, blocking the entry of RNA polymerase and
thereby inhibiting the initiation of transcription. In Synechocystis
cells, an assay of modified isiA promoters fused with GFP
showed that only those lacking the Fur motif region did not
generate the maximum GFP fluorescence. Kunert et al. (2003)
proposed that additional sequence elements in a 90-bp region
upstream of the putative —35 box in the isiA promoter could
be recognized by RNA polymerase, with an unidentified activator
affecting its transcriptional activity.

Model of the Expression and Regulation of
iSiA

The link between iron homeostasis and the redox stress response
on the expression of isiA highlights the complexity of its
regulation, as indicated by multiple studies (Xu et al., 2003;
Balasubramanian et al., 2006; Jantaro et al., 2006). The expression
and regulation of isiA by iron deficiency and oxidative stress
may partially overlap. It is probable that the regulation of isiA
occurs at both the transcriptional and post-transcriptional levels
and involves at least two regulators, FurA, the prokaryotic
transcriptional regulators that integrate iron metabolism under
stress environment, and isrR, the only RNA known so far to
regulate a photosynthesis component (Diihring et al., 2006;
Herndndez et al., 2006). A working model is based on studies
in Synechocystis sp. PCC 6803 (Figure 1). Northern blot analysis
showed that more than four different transcripts originated in
the isiAB operon (Vinnemeier et al., 1998; Diihring et al,
2006): a cis-encoded antisense RNA, isrR, transcribed from
the isiA noncoding strand under optimal growth conditions;
the dicistronic isiAB transcript; the isiA monocistronic transcript;
and the 5 untranslated region transcript (not shown in our
model), which was observed but not further analyzed under
iron deficiency or oxidative stress.

Briefly, under optimal growth conditions, the iron-binding
FurA protein and the isrR antisense RNA corepress the
biosynthesis of IsiA. It assumed that the equilibrium between
iron-bound and nonbound FurA was easily disturbed by
variations in environmental conditions, allowing isiA to
be expressed at very low levels in the cell. It is therefore
crucial that isrR expression under iron-replete conditions controls
the degradation of isiA mRNA at the post-transcriptional level.
Under iron deficiency or oxidative stress, the level of FurA
was downregulated by either stress-induced antisense RNA or
FtsH1/FtsH3 protease, allowing RNA polymerase to function
in combination with an unknown activator to initiate isiA
transcription (Krynicka et al, 2014). Under iron-limited
conditions, isrR expression is repressed by an unknown
mechanism, leading to the further accumulation of isiA mRNA
and IsiA protein (Figure 1). As noted above, it is possible
that the effective inactivation of FurA by a loss of iron, as
well as the longer oxidative response that represses isrR
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FIGURE 1 | Hypothetical model for the IsiA regulatory mechanisms in Synechocystis sp. PCC 6803. Three main transcripts originate in the operon isiAB: the
bicistronic isiAB transcript, the isiA monocistronic transcript, and isrR microRNA. Under optimal growth conditions, iron-binding FurA represses the expression of
ISiA at the transcriptional level. The equilibrium between iron-bound and unbound FurA is easily disturbed by variation in the environmental conditions, meaning isiA
mRNA tends to be continuously expressed at very low levels. The antisense RNA isrR mediates the degradation of isiA mMRNA at the post-transcriptional level. Under
iron-limited or oxidative stress conditions, FurA is downregulated by either stress-induced antisense RNA or the FtsH1/FtsH3 protease, leaving RNA polymerase to
interact with an unknown activator to initiate isiA transcription. isrR is also repressed, leading to the further accumulation of isiA mRNA and the biosynthesis of IsiA.

transcription, may be important for the accumulation of IsiA
in the cell.

Besides the overlapping regulatory networks mentioned above,
it cannot rule out the possibility that iron deficiency stress
and other environmental changes or stresses regulate isiA
expression through different signaling pathways. Lopez-Gomollon
et al. (2007) pointed out that nitrogen regulation was present
upstream of the isiA gene in the N,-fixing heterotrophic
Anabaena sp. PCC 7120. Moreover, Pilla et al. (2013) reported
that a heat-responsive transcriptional regulator, Sl11130, might
bind to a conserved inverted repeat (GGCGATCGCC) and
negatively regulate isiA transcription in Synechocystis sp. PCC
6803. Thus, additional cis-acting factors might regulate isiA
transcription to enable cyanobacteria to withstand a variable
environment. The model will likely be refined by future research.

Structure and Function of IsiA Complexes
Structural Organization of IsiA Complexes

In 2001, two groups simultaneously reported a supercomplex,
IsiA4-PSI trimer, consisting of a trimeric PSI surrounded by
a closed ring comprising 18 IsiA subunits in two model
cyanobacterial species, Synechocystis sp. PCC 6803 and
Synechococcus sp. PCC 7942 (Bibby et al, 2001a; Boekema
et al, 2001). Subsequently, electron microscopy and image
analyses of IsiA complexes in Synechocystis cells under prolonged

iron stress conditions revealed a highly flexible interaction
between PSI and IsiA or between the IsiA subunits in this
complex (Kouril et al., 2005a).

Recently, the overall structure of the IsiA-PSI supercomplex
was resolved as a disk of 3-fold rotational symmetry, and the
angle is about 120°. The higher-resolution map showed that
the supercomplex comprises four helices, each facing PSI, with
each IsiA monomer rotated by approximately 60° relative to
its neighbor. 18 IsiA monomers form a ring around the PSI
trimer, and 6 IsiA monomers around a PSI monomer (Toporik
et al., 2019; Cao et al., 2020). In 2020, Zhao et al. had visualized
the native organization of the IsiA ;-PSI trimer in Synechococcus
sp. PCC 7942 cells by high-resolution atomic force microscopy
(Zhao et al.,, 2020). They found that the diameter of PSI trimer
is 21nm, the distance between two adjacent highest positions
of PSI monomers in PSI trimer is 11nm (Figure 2). The
distance between two adjacent IsiA ;-PSI trimer supercomplexs
is 25.7 nm, and the distance between two close IsiAs-PSI trimer
supercomplexs is 60.2nm (Zhao et al., 2020). They found that
IsiA has multiple assembly methods on the thylakoid membrane,
which are helical, “S”-shape, strom-like and IsiA fibres insert
into the core of an IsiA-PSI supercomplex (Zhao et al., 2020).
The typical IsiAs-PSI trimer complex is formed during short-
term iron-deficient conditions. When the PSI trimers were
depolymerized into monomers by prolonged iron deficiency,
the IsiA proteins assembled into single rings or double rings

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 774107


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
http://dict.youdao.com/w/depolymerize/

Jiaetal.

Regulation and Functional Complexity of IsiA

FIGURE 2 | PSI-IsiA supercomplex structure (Drawn according to the study by Toporik et al. (2019) and Cao et al. (2020). A. The IsiA18 —PSI trimer supercomplex
structure. 18IsiA monomers form a ring around the PSI trimer. PSI monomers were colored in blue, dark blue and purple, respectively. 6 IsiA proteins surrounding
each PSI monomer were colored grey, green and yellow, respectively. The diameter of PSI trimer is 21 nm, and the distance between two adjacent highest positions
of PSI monomers in PSI trimer is 11 nm (B). Chlorophylls around IsiA is cyan, and the Chlorophylls near the PSI trimer is dark blue. Grey is the IsiA protein.
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surrounding a PSI monomer (Kouril et al., 2005b). Moreover,
single, double, triple or multimeric IsiA rings surrounded the
PSI trimers, dimers and monomers, and forming IsiA-PSI
supercomplex of different structures (Zhao et al., 2020).
Under iron-deficient conditions, the majority of unbound
IsiA proteins form IsiA aggregates of different sizes. These
IsiA aggregates exist in single rings or double rings, which
are similar to the shapes and sizes of those with a central
PSI monomer. The existence of the IsiA aggregates demonstrates
that the self-assembly of IsiA proteins does not require the
presence of either PSI trimers or monomers (Thalainen et al.,
2005). It is often argued that the observed larger IsiA aggregates,
with or without PSI monomers, are simply an artifact of severe
iron starvation, which leads to chlorosis. By contrast, van der
Weij-de Wit et al. (2007) reported that the IsiA aggregates
appeared in vivo during the early stages of iron stress, which
was confirmed by our subsequent finding that the IsiA aggregates
formed before the IsiA-PSI trimers (Ma et al., 2017). Furthermore,
a sizable pool of uncoupled IsiA aggregates was found in cells
grown in a steady-state iron stress condition with replete
macronutrients mimicking natural high-nitrate, low-Chl
environments (Schrader et al, 2011). By using chlorophyll
fluorescence analysis, the IsiA aggregates elevated the Fo (initial
fluorescence levels) and decreased the apparent Fv/Fm (the
maximum quantum yield of PSII photochemistry), which was
consistent with the results of earlier non-steady-state studies
(Guikema and Sherman, 1983; Pakrasi et al., 1985a; Falk et al.,
1995). Therefore, the significant pool of energetically uncoupled
IsiA aggregates is a reality in modern iron-limited environments.
Chauhan et al. (2011) observed that the exposure of

Thermosynechococcus elongatus cells to nanomolar concentrations
of iron induced the formation of the largest IsiA-PSI
supercomplex, consisting of a PSI trimer surrounded by two
complete IsiA rings, with the inner ring comprised of 18 IsiA
subunits and the outer ring containing 25 IsiA subunits.
Our previous study suggested that the IsiA proteins seemed
to preferentially encircle trimeric PSI when both the PSI trimers
and monomers were present in cells exposed to short-term
iron deficiency (Ma et al, 2017). The binding preference of
IsiA is similar to IdiA, another iron-stress-induced protein
that is not homologous to IsiA and binds only to dimeric,
not monomeric, PSII (Lax et al., 2007); however, the trimeric
organization of PSI was not necessary for the binding of the
IsiA protein, as noted above. Moreover, IsiA still had a strong
tendency to form complexes with the PSI monomer in a psal
deletion mutant lacking PSI trimers, even in short-term iron-
deficient conditions (Aspinwall et al., 2004; Kouril et al., 2005b).
In the psaL deletion mutant, incomplete single or double rings
of IsiA proteins specifically bound next to the PsaF/] subunits
in the PSI monomer, indicating that these subunits might
be responsible for the binding of IsiA. Interactions were observed
between IsiAs “a” “c” “d” “¢” positions and PSI subunits PsaF,
Psa], and PsaK, revealing that these protein-protein interactions
involved the C terminus of IsiA (Figure 2; Toporik et al,
2019). Nevertheless, in the mutant strain lacking the PsaF and
PsaJ subunits, IsiA was still capable of binding the PSI trimer
as a ring of 17 units (Koufil et al., 2003). These results clarified
that the PsalL and PsaF/] subunits facilitated the binding of
IsiA to PSI but were not obligatory structural components in
the formation of the IsiA-PSI complexes. The observation that
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IsiA proteins specifically associate with PSI monomers next
to the PsaF/] subunits suggests that the IsiA docking site is
located near these subunits. In plants, PsaG acts as a linker
protein that anchors a belt of four light-harvesting proteins,
Lhcal-4, to the side of the PsaF/] subunits of the PSI core
complex via its two tilting transmembrane helices (Ben-Shem
et al., 2003). In cyanobacteria, an accessory protein factor
similar to PsaG plays a role in the assembly of the IsiA-PSI
complex, but whether it is absent in the resulting complex is
unknown (Boichenko, 2004). Schoffman and Keren (2019)
demonstrated that the biodilution of intercellular Fe was the
main factor that controlled the formation of IsiA pigment—
protein complexes.

There are 591 Chls on IsiA-PSI trimer supercomplex, 306
Chls with the IsiA ring and 298 Chls in PSI trimer in Synechocystis
sp. PCC 6803. However, in different cyanobacterium, the
IsiA-PSI trimer supercomplex combines different Chl a and
Car, such as the IsiA;-PSI trimer of Synechococcus sp. PCC
7942 binds to 3 Chl a and 3 Car more than Synechocystis sp.
PCC 6803 in the core part (Toporik et al, 2019; Cao et al,
2020). Feng et al. (2011) have reported that IsiA most likely
bound to 13 Chls, in agreement with the number of Chls in
CP43 of PS II. Toporik et al. (2019) pointed out each IsiA
monomer bound to 17 Chls, of which 13 are in a similar
position to their location on CP43 and four are specific to
IsiA. Thalainen et al. (2005) showed that four Cars were present
in each IsiA monomer, including two [-carotenoids, one
echinaceone, and one zeaxanthin. However, Toporik et al. (2019)
identified three Cars at the IsiA-IsiA interface, and another
Car, Bl, bound to the interface between IsiA and PSI. Cao
et al. (2020) reported the structures of the PSI;-IsiA,—Fld,
and PSI;-IsiA;; supercomplexes from Synechococcus sp. PCC
7942, revealing features that are different from the previously
reported PSI structures, and a sophisticated pigment network
that involves previously unobserved pigment molecules. Pigment
analysis results showed that, when compared with the trimeric
PSI core alone, the PSI;-IsiA;3 supercomplex contains higher
amounts of zeaxanthin (Zea), a molecule that is essential for
quenching excessive absorbed energy.

The prochlorophytes, such as the marine phytoplankton
Prochlorococcus, are a class of cyanobacteria that do not use
phycobilisomes, but instead use intrinsic light-collecting proteins,
known as Pcb proteins, which contain Chl a/b as light-harvesting
systems. There are six transmembrane helices, and highly
homology with the chlorophyll-binding protein that includes
the Chl a-binding proteins CP43, CP47 of PSII and the iron
stress-induced protein IsiA. Some constitutively expressed Pcbs
form light-harvesting structures in Prochlorococcus strains,
including the PcbGs-PSI trimer in the low-light-adapted strain
§S8120, the PcbA;-PSII dimer in the moderate low-light-adapted
strain Prochlorococcus sp. MIT9313 and in the high-light-adapted
strain MED4 (Bibby et al.,, 2003). In Prochlorococcus sp. MIT
9313, iron deficiency could induce the formation of PcbB,,-PSI
trimer complexes similar to the IsiA4-PSI trimer (Bibby et al.,
2003). MED4 PSI domains were loosely packed in the thylakoid
membrane of Prochlorococcus sp. MIT 9313, while in the
low-light condition, PSI was organized into a tightly packed

pseudo-hexagonal lattice to maximize harvesting and trapping
of light. The low-light-adapted algal strain SS120 has a different
strategy for coping with low-light levels, and SS120 thylakoids
contained hundreds of tightly packed Pcb-PSI supercomplexes,
saving the extra iron and nitrogen required to PSI-only domains
(MacGregor-Chatwin et al., 2019). These results indicated that
it was a common phenomenon to express iron-deficiency
induced antenna pigment protein and assemble to maintain
photosynthesis under iron deficiency conditions.

Diversity of IsiA Function
As mentioned above, IsiA shares high sequence similarity with
CP43 in PSII but lacks the large hydrophilic loop between
helices V and VI of CP43 (Chen and Bibby, 2005). In Synechocystis
sp. PCC 6803, deletion mutations in the long hydrophilic loop
of CP43 led to the disappearance of oxygen evolution activity
(Kuhn and Vermaas, 1993), suggesting that IsiA cannot
functionally replace CP43 under iron-deficient conditions, as
was proposed by Burnap et al. (1993). Using mutants lacking
the long hydrophilic loop of CP43, it was confirmed that no
detectable differences were present in the light-dependent
evolution of oxygen under iron deficiency and salt stress
conditions (Vinnemeier et al., 1998). A high-resolution crystal
structure of PSIT at a resolution of 1.9A showed that the
CP43-Glu 354 residue was located in the hydrophilic loop in
the Mn,CaO; cluster of the water-splitting reaction center,
where it functions as a bidentate ligand for Mn, and Mn;
(Umena et al., 2011). As the loss of the hydrophilic loop leads
to the loss of hydrolysis ability, IsiA cannot replace CP43.
When iron becomes readily available in the environment,
iron-starved cells recover quickly, resynthesizing the thylakoid
membranes and reassembling their Chl-containing protein
complexes (Sherman and Sherman, 1983; Odom et al., 1993).
Using a Chl biosynthesis inhibitor, some studies have shown
that the reassembly of Chl-containing protein complexes occurred
before Chl biosynthesis (Riethman and Sherman, 1988; Troyan
et al., 1989). IsiA is the major Chl-containing protein, binding
up to 50% of the Chl in iron-starved cells (Burnap et al,
1993). In iron-limited cultures, transfer of half of the chlorophyll
in the cell from PSI to IsiA had negligible effects on energy
transfer from antenna systems to PSII in vivo (Schoffman and
Keren, 2019). Therefore, the IsiA pigment-protein complex not
only plays a key role when cells transition into iron limitation,
but also supports the efficient recovery of photosynthetic
apparatus during cells transition back out of iron limit-phase
(Schoftman and Keren, 2019). However, the above content may
not be the main function of IsiA, it should only be a cost-
effective way of supplying preexisting Chl in IsiA for the
reassembly of PSII and PSI complexes after the addition of iron.
Due to its high level of Chl binding, IsiA was also hypothesized
to serve as an alternative light-harvesting complex, compensating
for the decrease in phycobilisomes in iron-starved cells (Burnap
et al,, 1993; Schoffman and Keren, 2019). Cheng et al. (2020)
showed the deletion of isiA in Synechocystis sp. PCC 6803
affected the genes expression that are involved in photosynthesis,
phycobilisome, and the proton-transporting ATPase complex.
A 77K fluorescence spectrum revealed that the characteristic
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peak of isolated IsiA aggregates at around 685nm was very
high but was weak in the IsiAs-PSI trimer complex (Bibby
etal,, 2001a). Furthermore, treating the IsiA ,-PSI trimer complex
with Triton X-100 caused this weak peak to become the
dominant emission (Bibby et al., 2001b), indicating that PSI
trimer coupling IsiA in such a way is to efficiently transfer
light energy to the PSI reaction center. In another report,
Toporik et al. (2019) proposed that the large amount of
chlorophyll in the stromal layer meant that photons would
be absorbed by this layer and then converted into excitation
energy to be transferred to PSI through the luminal layer.
Chlorophyll at position 17 (chlorophyll 17) through chlorophyll
at position 8 (chlorophyll 8) combined with the main pigment
cluster, with chlorophyll 8 being unique to IsiA (Figure 2).
The specific position of chlorophyll 17 and 8 molecules showed
that they were the terminal emitters of IsiA and thus played
a key role in the process of energy transfer. More chlorophyll
was distributed on the stromal side of the membrane, where
it formed a continuous pigment layer around PSI, which is
different from what was observed in eukaryotes; therefore,
Toporik et al. (2019) speculated that this phenomenon plays
an important role in the photoprotective process.

Using different spectroscopic measurements, such as time-
resolved absorption and emission spectroscopy, the energy
transfer and trapping processes in the IsiA;s-PSI trimers in
Synechocystis sp. PCC 6803, Synechococcus sp. PCC 7942 and
Thermosynechococcus vulcanus were studied (Andrizhiyevskaya
et al.,, 2002; Melkozernov et al., 2003; Andrizhiyevskaya et al.,
2004; Akita et al., 2020). For the largest IsiA,;-PSI supercomplex,
identified in T. elongatus, fluorescence-decay-associated spectra
also indicated that IsiA was energetically strongly associated
with the PSI trimer (Chauhan et al., 2011). Based on calculations
of the optimal energy transfer within the IsiA;-PSI trimer,
IsiA was proposed to bind 15 Chls in Synechocystis sp. PCC
6803 (Zhang et al., 2010); however, Feng et al. (2011) showed
that IsiA most likely possessed 13 Chls in Synechocystis sp.
PCC 6803 in agreement with the number in CP43 of PSII,
as determined from a crystal structure with a resolution of
1.9A. Recently, Toporik et al. (2019) pointed out each IsiA
monomer bound to 17 Chls. As 96 Chl molecules are present
in the PSI monomer, determined from a crystal structure with
a higher resolution of 2.5A (Jordan et al., 2001), the theoretical
cross sections of the IsiA3-PSI complex should increase by
approximately 81% compared to the PSI trimer alone (Bibby
et al., 2001a). Using a light saturation curve in Synechococcus
sp. PCC 7942, the light-harvesting ability of the IsiAs-PSI
trimer was only found to be about 44% higher than that of
PSI (Boekema et al., 2001). In addition to in vitro measurements,
Ryan-Keogh et al. (2012) demonstrated an increase of 60% in
the absorption cross section of PSI in iron-starved Synechocystis
sp. PCC 6803 cells. Another report provided evidence that
the increased absorption cross section provided by the IsiA
proteins led to an enhanced rate of electron transfer through
PSI in the marine strain Synechococcus sp. PCC 7002 (Sun
and Golbeck, 2015).

In the IsiA 4-PSI trimer structural model, the 18 IsiA proteins
did not form a perfect ring and were instead distorted by the

3-fold rotational symmetry of the PSI trimer (Nield et al,
2003; Feng et al, 2011). Only the regions where PSI Chl a
molecules are located close to the IsiA Chl a molecules were
believed to be involved in transferring energy from IsiA to
the PSI trimer. It was also proposed that not all IsiA proteins
transfer energy directly to the inner PSI molecules, due to
their nonequivalent positions relative to PSI. Akita et al. (2020)
recently report a 2.7-A resolution cryo-electron microscopic
structure of a supercomplex between PSI core trimer and IsiA
from a thermophilic cyanobacterium Thermosynechococcus
vulcanus, and time-resolved fluorescence spectra of the IsiA 4-PSI
trimers supercomplex showed clear excitation-energy transfer
from IsiA to PSI, strongly indicating that IsiA functions as
an energy donor, but not an energy quencher, in the
supercomplex.

Toporik et al. (2019) demonstrated that the crystal structure
of IsiA has been resolved, the Chl in the IsiA loop is
unequally distributed, and the stromal side of the membrane
contains nearly twice as many pigments as the lumenal side.
In the PSI-IsiA supercomplex at the stromal side, only one
chlorophyll pair is located close to 18 A, and the next pair
is at 21-25 A. These distances are enough to mediate energy
transfer, but much larger than most Chl distances between
internal IsiA and PSI, further indicating that the IsiA loop
and PSI are independently present on the stromal side. On
the luminal side, where there is little pigment, 10 Chl pairs
were observed below 204, linking IsiA and PSI, most of
which involved Chl 17, 14, and 8 on the IsiA subunit
(Figure 2). Due to their abundance in the stromal layer,
photons are more likely to be absorbed by the stromal layer,
but the excitation energy is more likely to be transferred
to the PSI through the lumenal side. The location of Chl
8 and 17 at the interface between the adjacent IsiA subunit
and PSI strongly indicates that these Chl molecules are
terminal emitters of IsiA and should play a key role in
their function (Toporik et al., 2019).

In addition, steady-state and time-resolved fluorescence
measurements indicated that isolated IsiA aggregates dissipated
excitation energy, after which they were in a strongly fluorescence-
quenched state (Ihalainen et al., 2005). The IsiA aggregates
are present in the early stages of iron starvation, and their
fluorescence quenching is similar to that observed under long-
term iron starvation (van der Weij-de Wit et al., 2007). Therefore,
IsiA might mediate the thermal dissipation of absorbed energy
and thereby protect PSII from excessive excitation under iron-
limited conditions, as predicted in previous studies (Park et al.,
1999; Sandstrom et al., 2001). It is well established that Car
can quench the excited state of Chl, and a similar mechanism
appears to operate in IsiA aggregates (Berera et al., 2009); for
example, a high-performance liquid chromatography analysis
revealed that IsiA aggregates contain Chl a, P-carotene,
echinenone, and zeaxanthin (Thalainen et al., 2005; Berera et al.,
2009). In a mutant strain lacking CrtO, which encodes B-carotene
ketolase, the enzyme mediating the conversion of B-carotene
to echinenone, the IsiA aggregates lacking echinenone were
not deficient in their fluorescence quenching ability (Dhaene
et al., 2008).
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Model of the Structures and Functions of IsiA
Complexes

Under iron-replete conditions, the PSI/PSII ratio is high and
sufficient phycobilisomes can move between the two
photosynthetic systems, which together maintain an electron
flow balance between PSI and PSII. Under iron-limited
conditions, the PSI/PSII ratio drops and the phycobiliprotein
content is significantly reduced, perturbing the electron balance
between the photosystems and resulting in serious oxidative
damage. In the electron transport chain, PSII is more labile
and vulnerable to oxidative damage (Allakhverdiev et al,
2008). The importance of defending PSII from oxidative
damage under iron-deficient conditions has been confirmed
based on several observations, including the rapid increase
in thermal dissipation at the level of the antenna associated
with an orange carotenoid protein (OCP; Wilson et al., 2006;
Wilson et al., 2007) and the induction of another iron stress
protein, IdiA, that protects the acceptor side of PSII against
photodamage (Exss-Sonne et al., 2000; Lax et al., 2007). The
transcription of idiA precedes that of isiA, and the deletion
of idiA promotes the formation of IsiA-PSI complexes under
iron starvation (Tolle et al., 2002; Yousef et al., 2003), indicating
that the expression of isiA cannot be effectively prevented
when PSII is damaged.

Recently, using immunoblot and 77K fluorescence analyses
performed with thylakoid membranes and fractions from a
sucrose gradient ultracentrifugation, we observed that free IsiA
proteins preferentially encircled the PSI trimer to efficiently
transfer energy to the PSI cores, even without an IsiA-originated
fluorescence peak, a state of IsiA-PSI trimer that had not
previously been reported (Ma et al., 2017). IsiA-PSI complexes
formed and gradually accumulated throughout the iron deficiency
period, providing more convincing evidence that the original
role of IsiA bound to PSI was as an energy collector for PSI
Not all energy absorbed by IsiA is transferred to PSI, especially
during prolonged iron deficiency, possibly because the increased
in vivo cross section of PSI is lower than the theoretical

increased cross section of the IsiA-PSI trimer (Ma et al.,
2017). As already noted, the IsiA aggregates likely appeared
before the formation of the IsiA ;-PSI trimer and became larger
following prolonged iron deficiency, dissipating excess energy
throughout the course of iron deficiency.

Thus, a scenario for the dynamic change in IsiA complex
structures and the roles of IsiA in these complexes during
long-term periods of iron deficiency under laboratory conditions
was presented (Figure 3). In the early stages of iron-limited
stress, the IdiA proteins are produced and located at the acceptor
side of PSII, where they prevent photodamage. In the middle
stage, the IsiA proteins possibly appear as small aggregates,
but later begin to associate with the PSI trimer to efficiently
transfer energy to the PSI cores by IsiA-PSI supercomplex. In
the late stage of iron-limited stress, the PSI trimers depolymerize
to monomers, leaving the IsiA proteins to be incorporated
into larger IsiA aggregates or form IsiA-PSI monomer complexes,
in which the IsiA proteins have the primary function of being
energy collectors and the secondary function of dissipating
energy to provide photoprotection for PSI. Chen et al. found
that IsiA quench excitation energy by a novel cysteine-mediated
process for the photoprotection (Chen et al, 2021). The IsiA
aggregates dissipate excess energy, providing photoprotection
for the whole photosynthetic apparatus, especially PSII. The
dynamic changes in IsiA and its associations with PSI and
PSII may be an optimal adaptation to the degree of iron
deficiency, enabling flexible light harvesting and balancing
electron transfer between PSI and PSII to minimize photodamage,
and ensuring the cells survive. By contrast, Toporik et al. (2019)
observed that, besides the light-harvesting and photoprotection
functions of IsiA, the IsiA dimer can also maintain the effective
transfer of excitation energy in the IsiA ring.

The function of the IsiA—PSI supercomplex that favour
energy transfer towards the central PSI was confirmed recently
by structure analysis of membrane complexes in the
cyanobacterial thylakoid membrane using high-resolution
atomic force microscopy (Zhao et al., 2020). However, although

[ Psi
B PSI monomer

[ Psltrimer

Late stage iron deficiency

FIGURE 3 | Schematic representation of the dynamic changes in the structure and function of IsiA-containing complexes during a long period of iron deficiency.
Under the iron-replete condition, phycobilisome (PBS) acts as a light-harvesting complex for both PSIl and PSI. In the early stages of iron deficiency, IsiA forms small
aggregates and IsiAg-PSI trimers, in which the IsiA proteins serve as energy collectors and efficiently transfer energy to the PSI cores. In the middle stage of iron
deficiency, the levels of PSB, PSI, and PSII all decline, with PSB still serving PSII. An IsiA-PSI low fluorescence supercomplex (ILFS) is formed, in which IsiA acts an
energy collector. In the late stage of iron deficiency, the IsiA-PSI high fluorescence supercomplex (IHFS) and plentiful IsiA aggregates are formed. The IsiA proteins
serve as an energy dissipater, providing photoprotection for the entire photosynthetic apparatus, especially PSII.
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significant progress has been made in our understanding of
the IsiA complexes (Figure 3), many questions remain, and
further verification is required. For example, whether IsiA
and PSII can associate with each other is still under debate.
It was clear that accumulated IsiA did not contribute to light
capture by PSII (Falk et al., 1995; Fraser et al., 2013); however,
energy transfer was observed between PBS and the IsiA
aggregates (Rakhimberdieva et al., 2007; Wilson et al., 2007).
This supports the proposal that IsiA displays a remarkable
mobility (Sarcina and Mullineaux, 2004), enabling it to
be located between PSII and PBS within the membrane and
thereby compete with the energy transfer from PBS to PSII
(or PSI; Huner et al, 2001). Notably, Toporik et al. (2019)
demonstrated that the IsiA ring interacted with soluble PBS.
Using BN-SDS-PAGE, immunoblot, and 77K fluorescence
analyses, Wang et al. (2010) demonstrated that a IsiA-PSI-
PSII supercomplex was present in long-term iron-starved cells,
which is inconsistent with the result that no potential structural
information about the IsiA-PSII complex was detected under
long-term iron-deficient conditions using electron microscopy
(Kouril et al., 2005a).

Within the IsiA-PSI-PSII supercomplexes, IsiA was proposed
to be a regulator or assembler, rather than physically encircling
the complexes. In addition, it was previously shown that the
IsiA protein was enriched in HLIP (high light inducible protein)-
containing PSI trimers prepared from Synechocystis sp. PCC
6803 cells treated with high-intensity light (Wang et al., 2008).
Further studies using a PsaL-deleted mutant lacking the PSI
trimers showed that IsiA was a component of the novel high-
light-inducible carotenoid-binding protein complex (HLCC),
consisting of Slr1128, IsiA, PsaD, and high-light-induced proteins
A/B (HLiA/B; Daddy et al, 2015). In the latter study, the
authors hypothesized that the HLCC is also induced by iron
deficiency and oxidative stress. In this case, IsiA, together with
other components, might be localized at the stromal side of
PSI, mediated by PsaD, to stabilize trimeric PSI and protect
PSI from direct or indirect oxidative stresses, probably by
scavenging reactive oxygen species produced at ferredoxin (Fd).
The assembly of IsiA in the HLCC appeared to be a more
accepted explanation of the role of IsiA under oxidative stress,
despite its much lower abundance under oxidative stress than
iron-deficient stress. The revelation of the IsiA-PSI-PSII
supercomplex and HLCC further expands our understanding
of the structure and function of the IsiA complexes.

CONCLUSION AND PROSPECTS

Over the almost 30years since its discovery, there has been
tremendous progress in our understanding of the iron-stressed
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