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Abstract

Metal transporters are a central component in the interaction of algae with their environment. They
represent the first line of defense to cellular perturbations in metal concentration, and by analyzing
algal metal transporter repertoires, we gain insight into a fundamental aspect of algal biology. The
ability of individual algae to thrive in environments with unique geochemistry, compared to non-
algal species commonly used as reference organisms for metal homeostasis, provides an
opportunity to broaden our understanding of biological metal requirements, preferences and
trafficking. Chlamydomonas reinhardtiiis the best developed reference organism for the study of
algal biology, especially with respect to metal metabolism; however, the diversity of algal niches
necessitates a comparative genomic analysis of all sequenced algal genomes. A comparison
between known and putative proteins in animals, plants, fungi and algae using protein similarity
networks has revealed the presence of novel metal metabolism components in Chlamydomonas
including new iron and copper transporters. This analysis also supports the concept that, in terms
of metal metabolism, algae from similar niches are more related to one another than to algae from
the same phylogenetic clade.

1. Introduction

Metal transporters are essential for all organisms. According to the RNA-world hypothesis,
at some point in the early history of life, metal-dependent ribozymes were encapsulated by a
vesicle wherein these primitive enzymes could work in concert as a functional unit
competing with other protocells for nutrients [1]. Since catalysis was now
compartmentalized, protocells had to rely on the selective permeability of the membrane to
acquire substrates and expel wastes. The concentrations of some nutrients such as transition
metal ions, however, need to be tightly controlled to avoid deleterious reactions due to
excess, on the one hand, or enzyme inactivity due to deficiency, on the other, necessitating
the evolution of homeostatic mechanisms.

The modern cell represents the victor in the competition between these early protocells.
Instead of a semi-permeable membrane, contemporary cells have a phospholipid bilayer
membrane, which is impermeable to most hydrophilic molecules. The only way these
molecules can enter or exit the cell is through protein transporters that span the lipid bilayer,
and in this way the exchange of molecules such as metal ions with the environment can be
tightly controlled. Metal transporters are also found inside the cell. After engulfing and
maintaining another cell (an endosymbiosis event), the first eukaryotes had to provide the
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necessary nutrients to sustain the symbiont without sacrificing their own fitness. Enzymes
and entire pathways can be specific to an organelle, the remnant of a symbiont, and these
intracellular membrane-bound compartments contain transporters to mediate the distribution
of solutes.

Transporters represent the first line of defense to perturbations in cellular and subcellular
metal homeostasis. When metal reserves are depleted, transporters provide the route to
specifically supply and distribute the needed cofactor before deficiency symptoms appear,
and when the concentration of metal within the cell exceeds the cell's buffering capacity,
transporters provide the route to expel excess cofactors before toxicity occurs.

1.1. Metal homeostasis

Metal cofactors provide chemical activities that are not easily achieved with the functional
groups found in the side chains of amino acids, but the chemical properties of metal ions can
also lead to cytotoxicity. Unchelated redox-active metal ions, such as iron and copper, can
generate reactive oxygen species (ROS). Even though zinc is less harmful by comparison,
zinc toxicity symptoms have been observed, which could be due to mis-incorporation of
zinc into proteins or generation of protein aggregates [2]. Although metal storage proteins
and small molecules inside the cell can buffer the concentration of metal ions to a certain
degree, the influx and efflux of each metal must be tightly coordinated to ensure the right
metal at the correct concentration is present in each compartment.

1.1.1. Transport: where it all begins and ends—L.ike all proteins, the function of a
metal transporter has both a molecular and a physiological dimension. Characterizing the
metal selectivity of the transporter, the speciation of the transported metal (such as oxidation
state or whether ligand-bound), and its orientation in the membrane (which speaks to
direction of transport) describes the molecular dimension. Determining under what
conditions the transporter is present, at what abundance, and in which membrane(s) describe
the physiological dimension.

Permeases can be divided into two main functional categories (Figure 1). Group A is
responsible for moving metal ions into the cytoplasm. These transporters include members
from the NRAMP (Natural Resistance-Associated Macrophage Proteins), ZIP (Zrt-, Irt-like
Proteins), FTR (Fe TRansporter) and CTR (Cu TRansporter) families. Within this group are
assimilative transporters found in the plasma membrane. These transporters increase the
intracellular concentration of metal when the equilibrium between chelating sites and metal
ions is perturbed due to deficiency. Group A transporters are also found in the vacuole
membrane and have the same role as assimilative transporters except that the source of
metal is an intracellular storage compartment versus the external environment. Group B
transporters decrease the cytoplasmic concentration of metal. Within this group are
distributive transporters, which provide metal for organelle-localized metal-dependent
proteins. When present in the membranes of the secretory pathway, group B transporters can
mediate the exocytosis of excess metal. This group includes members from the CDF (Cation
Diffusion Facilitator), P1g-type ATPases, FPN (FerroPortiN) and Cccl (Ca(ll)-sensitive
Cross-Complementer 1)/ VIT1 (Vacuolar Iron Transporter 1) families. In general,
transporter families fall into one group or the other. However, as discussed in sections
3.1.2.2 and 5.1.1. some members of the NRAMP and ZIP families appear to have atypical
roles. These deviants highlight our limited understanding of transporter mechanism,
topology and structure, and how interaction with other proteins and the cellular environment
might determine or modulate transporter properties.

Techniques from various fields advance our knowledge of metal transporter function.
Because these proteins can have low substrate specificity /n vitro, an understanding of
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function in the context of the cell is required. Because absence or over-abundance of these
proteins can cause pleotrophic effects within the cell, a biochemical approach is required.
The first level of a metal transporter study commonly surveys the pattern of gene expression.
The presence or absence of the transporter's substrate in the growth medium often influences
gene expression. For instance, deficiency induces genes for assimilatory transporters,
whereas a metal excess situation induces genes for transporters that pump the metal out of
the cell or into the vacuole. While this is a simple concept, these data must be interpreted in
the context of metal crosstalk; the reduced concentration of one metal ion can cause a
secondary deficiency in another metal ion. In Chlamydomonas, expression of iron transport
genes during copper-deficiency is proposed to be a result of secondary iron-deficiency
caused by a less active copper-dependent component of the high-affinity iron transporter [3].
The identification of a metal-responsive transcription factor and direct interaction between
the regulator and the promoter region of a putative metal transporter gene can reinforce
results from a transcriptome study. However, as seen for the distributive copper transporter-
encoding gene CCC2from Saccharomyces cerevisiae [4], expression can be controlled by a
transcription factor that responds to a different metal, in this case iron (because copper is
required for iron uptake).

To complement gene expression studies, functional complementation studies in S. cerevisiae
are typical. Growth defects attributed to the disruption of specific metal transporters in S.
cerevisiae have been characterized. The ability of a non-native gene to rescue these growth
defects can inform the potential function of the “test” protein. As with gene expression
studies, these complementation studies have caveats. They assume that the test transporter
localizes to the same compartment in S. cerevisiae as in the native organism and that rescue
is because the test transporter and the S. cerevisiae transporter have the same function.

In addition to S. cerevisiae, metal transport assays can be performed using either the
Xenopus oocyte assay system or sealed vesicles containing reconstituted test protein. In the
Xenopus oocyte assay, cCDNA or in vitro-transcribed mRNA encoding the putative
transporter is injected into an oocyte, and a change in conductance induced by metal
transport across the membrane is measured [5]. Conductance in the presence and absence of
the cDNA is compared to determine the contribution of the protein (encoded by the cDNA)
to transport. An alternative to the oocyte assay is the use of sealed lipid vesicles
reconstituted with the recombinantly expressed transporter protein. By using metal
radioisotopes or a metal-selective chromogenic or fluorogenic dye, the transport of the
substrate metal ion into the vesicle by the putative transporter can be quantified and subject
to kinetic analyses [6, 7]. Other types of complementary evidence for the physiological
function include changes in metal uptake rates or intracellular metal content due to knock-
down or knock-out of the gene. Transport assays with radioactive substrates have been used,
but these are not always straightforward (because of lack of availability of useful substrates
or non-specific binding of ions to whole cells). Comparison of metal content of mutant
versus wild-type strains by Inductively coupled plasma mass spectrometry (ICP-MS) is
another approach.

1.2. The role of algae in advancing our understanding of metal homeostasis

Plastid-containing organisms represent a unique system for studying cellular and
intracellular metal homeostasis. The eukaryotic oxygen-evolving cell has two metal-rich,
membrane-bound powerhouses to which metal must be differentially and selectively
delivered. The chloroplast is the site of photosynthesis, a process that is dependent on the
trace metals iron and copper for electron transfer, manganese for the water-splitting reaction
of photosystem 11, and zinc for carbonic anhydrase and other enzymes. These metals are also
needed in other roles such as ROS detoxification and gene expression. The mitochondrion
also houses a metal-rich electron transport chain and numerous metal-dependent enzymes.
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Because of these two organelles, photosynthetic organisms compared to heterotrophic
organisms have a high demand for metal and distributive metal transporters, and the
individual demands of these compartments can lead to competition in a deficiency situation
[8, 9].

Studies that monitor responses to perturbations of homeostasis, predominantly the metal-
excess and metal-limitation situations provide the bulk of our understanding of metal
metabolism. In the laboratory, the metal-excess state is simple to achieve by just adding
metal ions to the culture medium, but achieving metal-limitation is relatively difficult (e.g.
[10]). Contaminating metal in glassware or in medium ingredients are often sufficient to
sustain the growth of most organisms, because these nutrients are required in trace amounts
[11]. Many experimentalists have chosen to employ metal chelators, which are convenient
but notoriously lack complete specificity for a single metal ion [12, 13].

Since photosynthetic cells have a higher demand for metal, creating the metal-limitation
state can be easier and does not necessarily require the use of chelators. Nevertheless, it is
usual to buffer metal ions in trace element solutions with a low concentration of chelator for
stability and longer shelf life. Since photosynthetic organisms make their own metabolites, it
is not necessary to supplement the medium with amino acids or serum, which also facilitates
metal-deficiency studies. Finally, inorganic nutrients are the only nutrients (beside sunlight,
water and CO») provided to plants and algae, and there has accordingly been considerable
historical interest in the minimal nutrition of plants [14]. Recently, small flowering plants in
the genus Arabidopsis have gained prominence as reference organisms for understanding
trace metal homeostasis in land plants and for discovering fundamental metal homeostasis
mechanisms [15-18], but in some cases, the discoveries are only relevant to closely related
species.

Therefore, it is valuable to compare evolutionarily divergent photosynthetic organisms to
reveal core conserved processes and instances of specialization. Algae make such
comparisons possible, because they inhabit diverse environments with contrastingly
different metal abundance and have complex evolutionary histories involving plastid loss
and gain. Novel strategies for acclimating or adapting to iron-, copper- and zinc-deficiency
have been revealed by studying algae. These discoveries not only enrich our understanding
of metal homeostasis but can also provide new resources such as novel genes for metal
biofortification in food crops.

1.2.1. What are algae?—Photosynthetic eukaryotes can be divided into two general
groups. Embryophyta, the land plant lineage, is a monophyletic group of complex,
multicellular organisms that are capable of forming embryos [19]. All other O,-evolving
eukaryotes are referred to as algae and these include diverse organisms from the plant-like
seaweeds that form underwater forests to the tiny picoplankton that are no bigger than a
bacterial cell. Although cyanobacteria have also been referred to as blue-green algae, the
term “algae' is properly reserved for eukaryotes [20].

Algae are polyphyletic, since the group does not share a common algal ancestor, and are
paraphyletic, meaning that some taxa also contain non-alga members (Figure 2). The
primary plastid is thought to have originated from a single engulfment of an ancient
cyanobacterium by a heterotrophic ancestor giving rise to the Archaeplastida (ancient
plastid) lineage [21]. Direct descendents of this ancestor include the red, green and
glaucophyte algae from Rhodophyta, Chlorophyta and Glaucophyta, respectively. The
established plastid was then transferred to other eukaryotic lineages through subsequent
endosymbiotic events (Figure 2 and recently reviewed in [22, 23]). Euglenids (in Excavata)
and chlorarachniophytes (in Rhizaria) have plastids of green algal origin, while the
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chromalveolates (such as diatoms and stramenopiles) have plastids of red algal origin [24].
The Archaeplastida lineage is not the only group of algae with a primary plastid; a recent
primary endosymbiosis event has occurred in the amoeba Paulinella chromatophora in
Rhizaria [25]. Because we do not know the exact history of algal evolution, the number of
events leading to the gain of a plastid or the loss of a plastid in the various lineages is
continually revisited. For instance, similarity between a subset of genes in sequenced diatom
genomes suggests that an ancestor also engulfed a green alga at some point [26] and the
plastids in the separate chromalveolate lineages may have arisen from a single or multiple
endosymbiotic events [24, 27]. As new algae are characterized and genomes are sequenced,
our understanding of algal evolution will inevitably be modified.

1.2.2. Chlamydomonas as a reference organism—Chlamydomonas reinharadtii
(herein referred to as Chlamydomonas) is a unicellular, green alga from the Chlorophyta
lineage and is the best-developed reference organism for studying algal biology. Because the
genome has retained genes from the last common ancestor to both the plant and animal
lineages, Chlamydomonas is a premiere reference organism for chloroplast function on the
one hand and ciliary biology and function on the other [28]. It can be grown in a simple,
chemically-defined medium to a high cell density, and both metal-deficiency and metal-
limitation situations, which are assessed by monitoring the expression of characterized
marker genes, are easily achieved [29]. The single, large chloroplast is biochemically
equivalent to land plant chloroplasts but Chlamydomonas uniquely maintains the
photosynthetic machinery in the dark and is able to grow heterotrophically (acetate/dark),
autotrophically (CO/light) or mixotrophically (acetate/light), enabling the investigation of
metal homeostasis mutants involved in photosynthetic function that would not be viable in
higher plants.

1.2.3. Algal metal nutrition—*...the habitat is the mo/dinto which the organism fits.” -
Victor E. Shelford [30] Just as this statement was true in the early 1900's for animal
behavior, it is true today when attempting to understand the metal requirements of algae.
Because all organisms rely on metal cofactors to catalyze many of the reactions essential to
life, the abundance and bioavailability (i.e. accessibility) of metal are fundamental
characteristics of each niche, and to be successful, an alga must adapt to the geochemistry
(i.e. elemental abundance and speciation) of the niche.

Both global and local metal bioavailabilities have shaped the metal-dependency of algae. Of
the various biologically active transition metals, iron and copper in particular have had a
large impact on the evolution of algae. In the anoxic atmosphere of primitive earth, iron was
predominately found in the soluble (bioavailable) +2 oxidation state, and a dependency on
the redox activity of iron was established early in protein evolution [31]. In contrast, copper
was not readily bioavailable and is predicted to be absent in primitive cells [32]. The
appearance of photosynthesis and the advent of dioxygen reversed the solublities of iron and
copper [33], but on an evolutionary timescale, copper entered the pool of potential nutrients
relatively late, and few proteins have evolved that require a copper cofactor. Instead, most
algae invest a large amount of energy overcoming the limited bioavailability of iron.

The gene repertoires of algae and regulation of those genes are reflections of geochemical
pressure. A unique environment is the open-ocean where algae are not only limited by the
bioavailbility of iron but also its abundance. One way algae have adapted to this niche is
reduction of their iron quota by substituting iron proteins with catalytically equivalent
copper-dependent proteins. The presence or absence of major iron and copper proteins is
therefore indicative of the metal bioavailability and geochemistry of an alga's environment.
Photosynthetic eukaryotes can be divided into three groups based on the presence of genes
encoding iron-dependent cytochrome cg4and copper-dependent plastocyanin [34] (Table 1).
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In this classification, cytochrome ¢ is distinguished from the non-orthologous cytochrome
cg-like proteins of unknown function from plants and green algae (Supplemental figure 1).
In one scenario, these cytochrome c¢g-like proteins may have arisen from a duplication event
in the last common ancestor of Viridiplantae prior to the loss of cytochrome ¢ in land plants
and the prasinophytes.

Group 1 algae contain genes for both cytochrome ¢g and plastocyanin, group 2 algae only
have cytochrome c4-encoding genes, and group 3 algae only have plastocyanin-encoding
genes. In the context of iron and copper bioavailabilityover time, cytochrome c4is proposed
to have evolved first but was later replaced in some photosynthetic lineages by plastocyanin
[35]. However, inclusion in one group or another is more indicative of iron and copper
availabilities in an alga's environment than of its evolutionary history [36].

Characterized members of group 1 are terrestrial green algae. As characterized for
Chlamydomonas, the plastocyanin-encoding gene is constitutively expressed, but under
copper-deficiency, plastocyanin is degraded and replaced with cytochrome c4[37, 38]. The
cytochrome cggene is maintained as a back-up for times when the alga enters a copper-
deficient environment.

The red alga Cyanidioschyzon merolae belongs to group 2 and presumably never acquired
plastocyanin or Cu/Zn SOD. This primitive alga inhabits sulphur-rich, acidic hot springs
where copper may not be as readily available as iron, and the presence of these copper-
dependent proteins would not provide a selective advantage.

Group 3 algae are commonly found in the phytoplankton communities of the open-ocean,
where iron is a limiting nutrient, and these algae have dispensed cytochrome c4 The
presence of a gene encoding Cu/Zn superoxide dismutase (SOD) or Fe-dependent SOD is
also contrastingly different between terrestrial and marine green algae; group 1 never
acquired a Cu/Zn SOD but has maintained Fe-SOD, whereas group 3 has lost Fe-SOD and
gained a Cu/Zn SOD (Table 1). Like marine green algae, land plants belong to group 3; they
have acquired plastocyanin and Cu/Zn SOD but have lost the canonical cytochrome cg.

Algae from Chromalveolata are found in all three groups. Groups 1 and 2 inhabit
predominately coastal waters where iron is relatively more abundant (Table 1) compared to
the open ocean where group 3 algae predominate [36, 39]. Because the plastid was derived
from a red alga(e), chromalveolates appear to have acquired plastocyanin and lost
cytochrome cgin a niche-specific manner. The oceanic diatom 7halassiosira oceanica only
has plastocyanin [36], and the coastal diatoms 7halassiosira weissflogii [40] and
Thalassiosira pseudonana only have cytochrome cg Most chromalveolates do have a Cu/Zn
SOD-encoding gene regardless of the presence of plastocyanin and this gene was likely
present in the genome of the ancestral heterotrophic host. Closely related species of algae
can inhabit a wide range of environments with different geochemistries, and the assorted
occurrence of plastocyanin and cytochrome ¢ in algae underlines the difficulty of using
lineage-specific generalities.

2. Methods

Advances in DNA sequencing have impacted our understanding of algal metabolism and
evolution. Compared to popular plant, animal and bacterial reference organisms little is
known regarding the extent to which algae employ mechanisms characterized in these
organisms or have novel routes for metal acquisition and distribution. With sixteen algal
genomes currently available, comparative genomic approaches can provide some clues.
Beyond genome sequencing, the transcriptomes of algae (particularly Chlamydomonas)
under different growth conditions, including metal deficiency, are being sequenced. Not
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only are we gaining a clearer picture of transcriptional responses to environmental stimuli,
but we are able to improve gene models and discover genes [3]. Gene models are generally
based on sequence similarity and, in the absence of transcript data, can be incomplete. This
shortcoming is especially relevant for genes encoding highly regulated proteins such as
metal transporters whose transcripts are not present or present at low abundance when the
cells are grown under standard laboratory conditions, which means that ESTs derived from
these genes are rare.

To reanalyze the metal transporter repertoire of Chlamydomonas (Figure 3), we have taken
advantage of gene models [41] (available as of 12/2011), which are based on transcript
sequences from a pooled resource that includes transcripts isolated from metal-deficient
growth conditions (http://www.phytozome.net/chlamy.php;
http://genomes-merchant.mcdb.ucla.edu/Cre454/). These models were also manually curated
with Illumina-generated RNA-Seq data from copper- [3], iron— (Urzica and Merchant,
unpublished) and zinc— (Malasarn and Merchant, unpublished) deficient cells.

In an attempt to build a complete picture of cellular metal transport for a particular
organism, determining the presence of a putative metal transporter-encoding gene is only the
first step. The second step is predicting the function of that transporter. Many metal
transporter families are multi-functional with members mediating the transport of different
metal ions, while some families are a small subgroup of a larger multifunctional superfamily
with functions distinct from metal transport. To predict the function of a protein, one
approach is to establish orthology (genes that arose by a speciation event) between a
characterized protein and a putative protein by iterative BLAST or phylogenetic tree
building. However, paralogs (two genes that arose by a duplication event) can cause
ambiguity, and because of sampling bias (relatively few algal genomes are available) or
inaccurate gene models, algal proteins may share relatively little sequence similarity with
characterized proteins and are commonly found branching near the root of phylogenetic
trees leading to uncertainty as to which functional subgroup they belong.

To visualize function across metal transport families that contain genes in the
Chlamydomonas and other available algal genomes, we have used protein similarity
networks [42]. BLAST was used to identify protein transporter homologs from the algae
depicted in Figure 2 and listed in Table 1. Protein similarity networks were then created
from an all-vs-all BLAST analysis (pairwise alignment between all pairs of proteins) for
each transporter family. Protein sequences were accessed through NCBI [43], Uniprot [44],
Phytozome [45] or the Joint Genome Institute Genome Portal [46], unless specified
otherwise. The network was created in Cytoscape version 2.8 [47] with the
BLAST2SimilarityGraph plug-in [48]. Nodes (representing a protein) are connected with an
edge (line) if the E-value between two sequences was at least as good as the given value. A
custom sequence database was used in each case and the E-values calculated during the all-
vs-all BLAST are not necessarily the same as would be reported using large databases such
as the non-redundant protein sequences (nr) database commonly used with the blastp tool on
the NCBI website.

To visualize the substructure of the network, the yFiles organic layout provided with
Cytoscape was used. The organic layout clusters nodes that are relatively more similar to
one another, /.e. edges between nodes that have more connections to one another will be
shorter than between nodes that have few connections [49]. This layout reveals groups of
proteins that are more similar to one another than to the rest of the proteins in the network.
Functional information from the literature was then overlaid on the network and the function
of some algal proteins could be predicted by inclusion in a cluster with characterized
transporters.
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3. Iron

Several strategies have evolved to mobilize iron, which is the most common redox-active
metal cofactor found in proteins. Different transporters are employed depending on the type
of iron chelate and, because the coordination chemistries of ferrous (2+) versus ferric (3+)
ions are distinct, sequential redox reactions are central to iron mobilization [50].

3.1. Group A iron transporters

3.1.1. Ferric reductases—In an aerobic environment both on land and in the ocean, iron
is predominately insoluble (as Fe(ll1)-oxides or other chelates). The first step in iron
transport is to solubilize available iron through the activity of ferric reductases on the plasma
membrane. Characterized ferric reductases transfer one electron to Fe(l11) in complexes such
as Fe(l1l)-citrate, and most use cytosolic NAD(P)H as the electron donor [50]. The reduction
of ligand-bound Fe(l11) causes dissociation of the complex and release of Fe(ll) [51].

Putative assimilatory ferric reductases (ferric reductases involved in uptake of iron from the
environment) in algae have been identified based on the transcriptional response of their
corresponding genes to iron-nutrition. However, it should be noted that various ferric
reductases are involved in activities independent of iron mobilization such as signaling [52]
and enzyme catalysis [53], and the role “assimilative ferric reduction’ should only be
assigned to proteins on the plasma membrane. Three types of ferric reductases are
responsible for reduction of Fe(ll1)-chelates in eukaryotes, NADPH oxidases (NOX;
cytochrome b55g), cytochrome b5 reductases and cytochrome b5g1. Based on transcript
analysis of cells from iron—replete and —deficient growth conditions, proteins from each
ferric reductase family are implicated in iron mobilization in algae.

The first NOX enzyme to be described in ferric reduction is Frelp (Ferric reductase 1) from
S. cerevisiae. The corresponding gene is regulated by iron and was isolated by identifying
the mutation responsible for ferric reductase deficiency in a mutagenized strain [54, 55].
Frelp and the subsequently identified Fre2p are responsible for the bulk of cell surface
metal reductase activity in S. cerevisiae [56]. Frelp and Fre2p belong to a seven member
gene family that also includes Fre3p, a plasma membrane-localized reductase that facilitates
acquisition of siderophore-bound iron [57], and Fre6p, a vacuolar membrane-localized
reductase responsible for the reduction of iron before export into the cytoplasm [58]. An
iron-responsive NOX gene is also expressed in the roots of Arabidopsis thaliana (herein
referred to as Arabidopsis)(FRO2) [59] and is part of an eight member gene family with
putative functions in intracellular and intercellular iron and/or copper mobilization [60].
However, not all NOX enzymes appear to be involved in iron transport and homologous
proteins such as the respiratory burst oxidase homolog (RBOH) protein family in
Arabidopsis are involved in the generation of superoxide as a signaling molecule and for
defense [61, 62].

The involvement of NADH-cytochrome & reductase in iron homeostasis was first
discovered because defects in activity lead to methemoglobinemia, a disease in which
hemoglobin accumulates in the oxidized form, methemoglobin [63]. Without NADH-
cytochrome &5 reductase, cytochrome b5 remains in the oxidized form and cannot reduce the
ferric iron in methemoglobin. Genes from the cytochrome &5 reductase family have been
characterized from various organisms and all appear to encode two isoforms, one
membrane-bound and one soluble. For instance, one form of Mcrlp from S. cerevisiae is
found bound to the outer membrane of the mitochondrion where the bulk of the protein is
exposed to the cytosol, while a second form is found as a soluble protein in the
intermembrane space of the mitochondrion [64]. The functions of both Mcrlp isoforms
remain unknown, but a direct role of cytochrome &5 reductase-like proteins in ferric-chelate
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reduction was observed for homologous proteins in plants [65-67]. The pumpkin homolog
CmPP36 is also present as both membrane-bound and soluble forms, and expression of the
corresponding gene is induced by iron-deficiency in the roots [67]. Since CmPP36 can
reduce Fe(lll)-chelates, it is tempting to speculate that members of the cytochrome by
reductase family are involved in controlling the oxidation state of iron as it is distributed
within the cell and within the organism [67]. By encoding membrane-bound and soluble
isoforms, the reduction of iron as it enters a compartment and travels through that
compartment can be controlled by the regulation of one gene. However, these ferric-chelate
reductases are not expected to contribute to assimilation of iron from the soil. Instead, they
may be involved in intracellular and intercellular mobilization of iron within the plant.

The prototypical cytochrome bsg; ferric reductase is DCYTB (duodenal cytochrome b) from
mammals. Dcytbwas obtained by identifying mRNAs present in a mouse that has high rates
of iron absorption compared to a sibling that has relatively normal rates [68].
Characterization of Dcytb revealed that expression is induced by iron-deficiency, and
DCYTB localizes to the intestinal lining and has ferric reductase activity. Proteins with a
cytochrome b5, domain are ubiquitous among eukaryotes and are thought to use
cytoplasmic ascorbate as the electron donor [69].

Of the four putative ferric reductase-encoding genes in Chlamydomonas, expression of
CBRI1 (encoding a cytochrome &5 reductase), RBOL 1 and RBOLZ2 (encoding NOX
enzymes) is unresponsive to iron-deficiency, while expression of FRE1 (also a NOX
enzyme) is highly induced [70]. In support of a role in iron assimilation, FRE1 localizes to
the plasma membrane [71]. The other putative ferric reductases may be involved in
intracellular mobilization of iron, providing electrons for various reactions such as
desaturation of fatty acid [72] or signaling. CBR1 shares sequence similarity with Mcrlp
and Cbrlp from S. cerevisiae, which are localized to the mitochondria [73, 74]. RBOL1 and
RBOL2 share sequence similarity with the Arabidopsis RBOH proteins, which are linked to
the generation of superoxide as a sighaling molecule [52].

Iron-responsive reductase genes are also present in the diatoms 7. pseudonana (TpFREL and
TpFRE2 [75]) and Phaeodactylum tricornutum (PtFREL — PtFRE4 [75, 76]). TPFREL is
similar to cytochrome b5 reductase, and PtFRE3 and PtFRE4 are similar to cytochrome bsg;.
TpFRE2, PtFREL and PtFRE2 are similar to NOX proteins, but ToFRE2 and PtFRE1 are
more similar to the RBOH protein family of Arabidopsis than to the FRO proteins. Ferric
reduction appears to be necessary for iron transport into the chloroplast [77] and out of the
vacuole [58]. Therefore, ferric reduction may be a common characteristic of all intracellular
membrane-localized iron transport systems. Some of these putative diatom ferric reductases
may be involved in assimilation or distribution of iron within the cell, but they might just as
well be involved in a different role. Oxidative stress accompanies iron-deficiency in
Chlamydomonas, and reductases that are specifically present during iron-deficiency could
be involved in responding to ROS [78, 79].

3.1.2. Ferrous transporters

3.1.2.1. ZIP: The ZIP family is so named because the first members to be characterized
were the zinc transporters Zrtlp [80] and Zrt2p [81] from S. cerevisiae and IRT1, the major
iron uptake protein in Arabidopsis roots [82]. Fourteen homologs have been identified in the
human genome and are commonly referred to as either the SLC39 or ZIP family. ZIP
members are composed of eight predicted transmembrane regions (TMs), and most have a
histidine-rich loop between TMs Il and IV that protrudes into the cytoplasm (Figure 1). The
exact mechanism of how ZIP members transport metal is currently unknown, but recent
work suggests that they are passive transporters driven by a metal concentration gradient [7].
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The ZIP family has been divided into four groups based on phylogenetic relationships [83]:
Subfamily I, 1, GufA and LZT. Subfamily | contains mainly fungal and plant proteins,
subfamily Il contains plant and animal proteins, GufA from Myxococcus xanthus is the
founding member of the GufA subgroup, which contains other prokaryotic members as well
as eukaryotic ones, and the LZT subgroup (LIV-1 subfamily of ZIP zinc Transporters [84])
of which LIV-1, a human estrogen-responsive zinc transporter, is the founding member. A
protein similarity network produces two additional clusters (Figure 4); one cluster includes
the protein of unknown function ZTP50 from Arabidopsis and the other cluster includes
Atx2p from S. cerevisiae and ZIP9 from human, which are putative manganese and zinc
transporters, respectively, in the Golgi membrane. ZIP family transporters are often able to
transport multiple divalent metal cations, such as iron, zinc, manganese, cobalt, copper or
cadmium, but inclusion in a particular subgroup does not necessarily equate to shared
substrate specificity.

Of the 13 ZIP family members in Chlamydomonas, the abundance of /R7Zand /RT2
transcripts is affected by the iron status of the cell [70]. While Z/P6is the dominant ZIP
transcript in the cell during the metal-replete situation (20 uM Fe), Z/P6and /RT2are
equally abundant during iron-deficiency (1 uM Fe) (Figure 5A). During the iron limitation
state (0.2 .M Fe), which is characterized by reduced growth and chlorosis, /R 71 transcript
dominates (Urzica and Merchant, unpublished) (Figure 5A). In addition to distinct patterns
of expression in response to iron status, /R71 and /R72 are differentially present in cells
grown under copper- and zinc-deficiency. /R71 but not /R72is induced by zinc-deficiency
(Malasarn and Merchant, unpublished), while /R72but not /R71 is induced by copper-
deficiency and is predicted to be a direct target of the copper-responsive transcription factor
CRR1 [3]. Because /R72is a potential target of CRR1, IRT2 could be an intracellular
ferrous transporter responsible for mobilizing iron for cytochrome ¢;. Alternatively, it may
be a back-up route for iron assimilation when the copper-dependent iron transport route (see
section 3.1.3.) is impaired due to copper-deficiency.

IRT1 and IRT2 belong to the GufA subfamily, which also includes the iron-responsive ZIP
homolog from the diatom A, tricornutum [76]. The GufA group also contains the vacuole-
localized Zrt3p from S. cerevisiae and the ER-localized ZTP29 from Arabidopsis. Zrt3p is
responsible for mobilizing zinc from the vacuole in response to zinc-deficiency [85] and
ZTP29 is a putative zinc transporter involved in acclimating to salt stress [86]. Since
Chlamydomonas has a high-affinity iron transporter (see section 3.1.3.) and IRT1 and IRT2
are members of the GufA subgroup, they may be localized to intracellular membranes.

In contrast to IRT1 and IRT2 from Chlamydomonas, the iron-responsive ZIP genes At/RT1
and At/RT2from Arabidopsis encode proteins from ZIP subfamily I (Figure 4). AtIRT1 is
the main iron uptake route for ferrous iron across the root epidermis [87]. At/RT2is also
induced by Fe-deficiency in the root but, while AtIRT1 localizes to the plasma membrane
[87], AtIRT2 is found in intracellular vesicles and is proposed to be involved in
compartmentalization once iron is assimilated by AtIRT1 [88].

3.1.2.2. NRAMP: The NRAMP family (also SLC11) is so named because the first member
to be studied, natural-resistance-associated macrophage protein 1, is involved in macrophage
digestion of intracellular parasites [89]. The role of NRAMPL in this process remains
controversial, and there is still debate as to whether it functions in metal transport into or out
of the phagosome [90, 91]. Most NRAMP permeases contain ten or eleven TMs and mediate
transport of divalent cations, mainly iron and manganese, into the cytoplasm (Figure 1).
Exceptions include rice and sea squirt NRAMPs that transport trivalent metal cations [92,
93] and a putative soybean iron transporter [94] that appears to transport metal out of the
cytoplasm. Shortly after the involvement of NRAMP1 in metal transport was reported,
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NRAMP?2 (also referred to as DMT1 and DCT1) was described as an iron-deficiency
induced gene in the intestines [5]. But while NRAMP1 appears to be an metal/hydrogen
antiporter or symporter [95], NRAMP?2 is a symporter [5].

Phylogenetically, the NRAMP family is divided into four main subfamilies: prokaryotic
MntH group A, group B and group C and the eukaryotic group [96]. The protein similarity
network splits the eukaryotic subgroup into three clusters (Figure 6). Eukaryotic subgroup |
contains NRAMPs from the major eukaryotic lineages, while eukaryotic subgroup Il is
predominately composed on proteins from plants, prasinophytes and C. merol/ae. The third
eukaryotic cluster contains fungal proteins including Smflp, Smf2p and Smf3p from S.
cerevisiae.

Most algal genomes contain only one NRAMP, while an NRAMP homolog is missing from
the P. tricornutum genome [75]. The Chlamydomonas genome encodes four members,
NRAMP1, NRAMP2, RET1 and NRAMP4 (NRAMP4 is missing from earlier releases of
the Chlamydomonas genome). NRAMP1 and NRAMP2 are bacterial-like, while NRAMP4
clusters with eukaryotic homologs, AtNRAMP3 and AtNRAMP4 from Arabidopsis (Figure
6). AINRAMP3 and AtNRAMP4 appear to have different functions in the plant depending
on both the developmental stage and tissue type. During germination, these permeases
transport vacuolar iron [97], but in adult leaves they mobilize vacuolar manganese [98]. The
mechanism underlining the physiological impact on AINRAMP3 and AtNRAMP4 function
is unknown. An ortholog of NRAMP4 from T. pseudonanawas found to be highly induced
by iron-limitation [75, 99], however the cellular location of this permease is needed to
determine whether it functions in assimilation or iron mobilization. RET1 (related to EIN2
[100]; previously referred to as NRAMP3 [101]) contains an NRAMP domain near the N-
terminus but resembles the EIN2 proteins of plants and shares conserved residues across the
entire length of the protein with EIN2-like proteins from plants. EIN2 (Ethylene Insensitive
2; ORE3) was first identified in Arabidopsis and found to play a central role in ethylene
signaling [102, 103]. The NRAMP domain of EIN2 does not appear to have metal transport
activity, suggesting that the EIN2 is not involved in metal transport [102]. However, the
NRAMP domain may be involved in sensing metal, which could be relevant with respect to
the copper requirement of the ethylene receptor [104]. RET1 is expected to function in a
different signal transduction pathway in algae, since they are not known to have ethylene
receptors.

3.1.3. Ferroxidase dependent—The ability of a transporter to transport more than one
metal ion can have detrimental effects on metal homeostasis. Unwanted metal ions can enter
the cell or can compete with entry of the desired nutrient [105-107]. In the extreme case,
transport of these unneeded metals can lead to a toxicity situation. Many organisms have
therefore exploited redox chemistry for selective iron transport [108]. Specifically, iron
occurs in two oxidation states under physiological conditions, and a +3 oxidation state is
unique to iron compared to other biologically-abundant transition metal ions such as copper
and zinc. By coupling two proteins, one that recognizes and oxidizes the divalent form
(Fet3p from S. cerevisiae) and one that transports the trivalent form (Ftrlp from S.
cerevisiae), an iron-selective assimilation pathway is created.

Translocation of iron by Fet3p/Ftrlp across the membrane is proposed to occur by an iron-
channeling mechanism [109]. Fet3p, a multicopper oxidase (MCO), binds ferrous iron and
after oxidation hands the ferric iron to Ftrlp, which transports ferric iron into the cytoplasm
[110]. Without Fet3p, Ftrlp is unable to transport iron, and the maturation of these two
proteins is coupled in the secretory pathway so that only the complex containing both
proteins is present in the plasma membrane [111]. High-affinity, copper-dependent iron
assimilation is not unique to fungi. Inducible copper-dependent iron uptake was
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characterized for Chlamydomonas [112] and the diatoms 7. oceanicaand T. pseudonana
[113, 114]. Mammals do not have a protein equivalent to Ftrlp, but as iron is exported into
circulation by ferroportin, it is oxidized by the multi-copper ferroxidase ceruloplasmin
producing Fe(l11) that then binds to transferrrin, the iron-delivery protein [115].

Fet3p contains four copper ions arranged in three different ligand fields, two mononuclear
sites and one binuclear site. The sites differ by how the amino acid side groups are arranged
around the copper ion(s) and the electronic structure of each site [116]. Additionally, one
mononuclear site and the binuclear site are close enough to one another to form a trinuclear
site. Multicopper ferroxidases are divided into two types; the Fet3p-type has three domains,
while ceruloplasmin has six domains and two extra mononuclear copper sites. The
multicopper ferroxidase from Chlamydomonas, FOX1, represents a third type that contains
6 domains like ceruloplasmin, but the domains are shuffled [117] (Figure 7). As observed
for Fet3p, iron-deficiency leads to an increase in FOX1 protein (also referred to as FLP)
[118] and mRNA abundance [112], while a knock-down of FOXZ gene expression
specifically impairs the growth of Chlamydomonas in iron-deficient medium [119]. Further
supporting a role in iron assimilation, FOX1 is localized to the plasma membrane [120].
There is a second FOX1-type MCO in Chlamydomonas, but this paralog, FOX2, is encoded
by a low-abundant transcript, representing less than 1 mRNA per cell under iron-deficiency
(Urzica and Merchant, unpublished).

FTR permeases contain seven potential TMs. REXXE motifs in TMs | and IV are proposed
to be involved in iron translocation and the extracellular loop between TMs six and seven is
required for trafficking of iron between the oxidase and the permease [121] (Figure 1).
FTR1homologs are commonly found in algal genomes except the prasinophytes and several
chromalveolates (Table 1). In the absence of FOX1 and FTRL1, prasinophyte green algae are
proposed to use siderophore-dependent iron uptake [122]. The putative 7RI genesin 7.
pseudonana are induced by iron-deficiency [99] as is the homolog in Chlamydomonas [112].
Algae with FTR-like permeases should also have partner MCOs. The green algae, Chlorella
variabilis, Coccomyxasp. C-169 and Volvox carterihave at least one FOX1 homolog and 7.
pseudonana, and Fragilariopsis cylindrus have MCOs more similar to Fet3p. Based on
sequence similarity the putative MCO from Aureococcus anophagefferensis distinct from
both FOX1 and Fet3p. As observed previously [101], an MCO was not found in the C.
merolae genome, suggesting either that transport by FTR in this organism is not dependent
on a ferroxidase or C. merolae has an unidentified, unrelated protein functioning as a
ferroxidase.

In general, algal high-affinity iron transporters are structurally divergent from the
characterized transporter from yeast, and not only have FOX1-like MCOs experienced
unigue domain evolution, but algal ferric transport may involve the novel FEA1-like
proteins. The absence of a detectable MCO-encoding gene in the genome of the red alga C.
merolae also provides another example of how algal iron transport is divergent from
common reference organisms.

3.1.4. Algal-specific—In Chlamydomonas, the induced expression of F7R1 and FOXZ in
response to iron-deficiency is accompanied by high expression of two algal-specific genes
named FEAZIand FEAZfor Fe-assimilation 1 and 2, respectively [70]. Not only are the
FEAIand FEAZ genes highly inducible, but FEA1 and FEA2 are the major secreted
proteins during iron-deficiency. Similar proteins have only been found in the genomes of
other green algae (C. variabilis, Chlorococcum littorale (HCR1 [123]), Micromonas pusilla
CCMP 1545, Ostreococcus lucimarinus, and V. carteri) and chromalveolates (A.
anophagefferens, Ectocarpus siliculosus, Heterocapsa triquetra, P. tricornutum, T.
pseudonana, F. cylindrus, and Emiliania huxleyi). Although the plastids of chromalveolates
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are proposed to be of red algal origin and FEA-like proteins are missing from C. merolae, a
cryptic endosymbiont event is proposed to have occurred resulting in a substantial “green”
contribution to the genomes of these organisms [26], which may explain the presence of
FEA-like genes in chromaveolates.

Several lines of evidence have led to the conclusion that the FEA proteins are involved in
iron assimilation, although the exact biochemical and molecular role of these proteins
remains to be determined. Strains of Chlamydomonas that lack a cell wall secrete FEA1 and
FEAZ2 into the medium, and these strains are more sensitive to iron deficiency compared to
strains that have a cell wall and retain FEA1 and FEA2 in the periplasm [70]. Heterologous
expression of FEAZ in Arabidopsis and yeast iron-uptake mutants can rescue growth on
iron-deficient medium [124]. Uniquely, the FTR1-like protein from A. anophagefferensis a
fusion between the FEA1 domain and a partial FTR domain. This protein has seven potential
TMs; six TMs are in the FTR domain and contain the conserved REXXE motifs in TMs |
and IV. The FEA1 domain is between TMs VI and VI, the typical location of the residues
involved in iron trafficking between FTR1 and the oxidase, suggesting that the FEA1
domain could deliver iron to the FTR domain. However, the gene model should be verified
to confirm whether the FTR1/FEAL fusion protein is a genuine Rosetta stone protein. FEA1-
like genes are present in the genomes of algae that do not have recognizable FTR1 homologs
such as M. pusillaand O. lucimarinus. In these organisms, FEA may be able to facilitate
iron transport by otherwise non-specific metal transporters such as permeases from the ZIP
or NRAMP families.

3.2. Group B transporters

Once iron enters the cytoplasm, it must be trafficked to its sites of incorporation and, when
in excess, transported to sites of storage. The major sinks for iron in algae are the
bioenergetic membranes of the chloroplast and mitochondria, where iron is concentrated in
the proteins of the electron transport chains. Compared to transport of iron across the plasma
membrane, relatively little is known about how iron is trafficked to these compartments and
even less is known in algae.

3.2.1. Chloroplast—The mechanism by which iron is transported into the chloroplast
remains elusive. Active ferrous transport through the plastid inner membrane has been
measured [125], and in Arabidopsis transport is dependent on the ferric reductase FRO7
[77], which implies transport of Fe(ll). Arabidopsis PIC1 is proposed to be involved in
plastid iron transport. A picI mutant exhibits defective chloroplast development, and both
PICI and an ortholog, s//1656 from the cyanobacterium Synechocystis sp PCC 6803, rescue
a yeast mutant defective in iron uptake [126, 127], but how PIC1 affects iron concentration
in the chloroplast is not known. Not all algal genomes encode a PIC1 homolog, and PIC1
may actually be involved in translocation of proteins into the plastid [128], a function that
could lead to a downstream effect on iron transport.

3.2.2. Mitochondria—The mitochondrial solute carrier (MSC) family is a large family of
inner membrane transporters involved in the transport of multiple substrates between several
compartments. In humans, this transporter family is referred to as SLC25 and is the largest
SLC family (at least 43 members) [129]. Some members of the MSC family transport iron
across the inner membrane of mitochondria. These include Mrs3p and Mrs4p in yeast [130,
131], mitoferrin-1 and -2 from zebrafish and mouse [132] and MIT from rice [133]. Deletion
of rim2also a member of the MSC family from yeast leads to mitochondrial iron defects,
but this phenotype is attributed to defective pyrimidine transport rather than direct loss of
iron transport [134].
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4. Copper

A protein similarity network of the MSC family leads to the identification of a cluster of
proteins that includes Mrs3/4, mitoferrins and MIT plus predicted iron transporters from
plants and algae (Figure 8). The neighboring cluster (in grey) is composed of known S
adenosylmethionine transporters such as SAMC1 and SAMC?2 from Arabidopsis and Pet8p
from S. cerevisiae. The MTML1 cluster, also shown, is composed of proteins required for the
activity of Mn-SOD in the mitochondrion (see section 6.2). The mitoferrin cluster includes
three uncharacterized proteins from Arabidopsis At1g07025, At1g07030 and At2g30160
and at least one protein from each alga, including a Chlamydomonas protein which we have
renamed MFL1 for MitoFerrin-Like 1. This MSC subgroup appears to be a fundamental
characteristic of eukaryote genomes and could represent a ubiquitous mitochondrial iron
transporter.

Additional mitochondrial iron transporters include members of the CDF family (described in
section 5.2.1.). Mmtlp and Mmt2p from S. cerevisiae are closely related to FieF/YiiP from
Escherichia coli, a plasma-membrane-localized metal-efflux protein. /7 vivo studies with
deletion and over-expression strains have linked FieF/YiiP to iron efflux, while /n vitro
studies with membrane vesicles have linked FieF/YiiP to zinc efflux [135]. In S. cerevisiae,
over-expression of MMTI1 or MMTZ (referred to as MFT1and MFT2) increases
mitochondrial iron content, while deletion of both genes causes sensitivity to the iron-
chelator bathophenanthroline sulfonate [136]. While these CDF proteins are found in yeast,
land plants (MTP6 from Arabidopsis), and photosynthetic and non-photosynthetic
stramenopiles, they are missing from humans and most algae. An interesting exception is
Micromonas sp. RCC299, the only sequenced chlorophyte with a FieF-like CDF protein.
Unfortunately, the sequenced Micromonas genomes are surprisingly divergent [137], and
the significance of Micromonas sp. RCC299 having a FieF-like CDF is currently unknown.

3.2.3. Vacuole—In Arabidopsis, iron is loaded into the vacuole by VIT1 [138], a
homologue of the yeast iron/manganese vacuole transporter Ccclp [139]. A second
Arabidopsis protein, FPN2/IREG2, also mediates transport of iron into the vacuole. Unlike
VITL, FPNZ/IREGZ expression is regulated by iron status, and the protein pumps iron into
the vacuole during iron-deficiency. This counterintuitive activity is proposed to buffer the
uptake of iron by AtIRT1 in the root [140]. FPN2/IREG?2 is also linked to cobalt and nickel
homeostasis[105, 140], which points to a general role in metal sequestration. Additional
proteins in Arabidopsis referred to as Nodulin-21-like proteins share sequence similarity
with Ccclp and VIT1 and are regulated by iron status, but their functions remain unknown
[141]. The Nodulin-21-like proteins from Arabidopsis and orthologs from other plants form
a distinct cluster from Cccl and VIT1 in the protein similarity network (Figure 9). All algal
genomes analyzed encode at least one Ccclp/VIT1-like protein and the VIT1 homolog from
C. merolae was identified in purified acidic vacuoles (acidocalcisomes) [142]. But while the
C. merolae protein clusters with Ccclp and VIT1, the Chlamydomonas proteins (renamed
CVL1 and CVL2 for Cccl/Vitl-Like) cluster with Pcll from Schizosaccharomyces pombe
(Figure 9). Pcl1 is also linked to iron homeostasis since the corresponding gene is down-
regulated during iron-limitation [143], and Apc/Z accumulates less iron that WT [144].
Whether Pcl1 and the Chlamydomonas homologs localize to the vacuole like Ccclp and
VIT1 do is yet to be determined.

4.1. Group A transport family CTR

In eukaryotes, high-affinity copper assimilation is mediated by members of the CTR family
(also known as SLC31). These permeases contain three putative TMs and an extracellular
N-terminus with organism-specific ratios of methionine, histidine and cysteine that are
involved in Cu(l) binding [145] (Figure 1). Transport by CTR is dependent on reduction of
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copper in the periplasm by a cupric reductase. Upon entering the cytoplasm, small molecules
and proteins sequester the copper ions, and the resulting concentration gradient drives
transport by CTR. The unique +1 oxidation state of copper lends substrate specificity to
CTR [146, 147], but CTR proteins can also mediate the transport of Ag(l) [147] and are
thought to be a route of silver toxicity [148, 149]. In addition to uptake, low-affinity CTRs
mediate the transport of copper from intracellular stores [150-153].

As is the case for many eukaryotic metal transporters, CTR was discovered in S. cerevisiae
(Ctrlp) but unusually, the gene was found with a screen designed to identify mutants with
defective iron transport [154]. The reason why disruption of C7RZ led to an iron uptake
defect was explained by the concurrent discovery of Fet3p the multicopper ferroxidase
required for iron transport [108] (discussed in section 3.1.3.): loading of copper into Fet3p is
dependent on copper transport by Ctrlp, therefore copper assimilation is a prerequisite for
iron transport in yeast.

All algal genomes analyzed contain at least one C7R gene. An exception is A.
anophagefierens, even though this organism is predicted to have more copper-dependent
proteins than other closely-related sequenced algae [155]. However, A. angphagefferens
does not have a plastocyanin gene and the abundance of copper-dependent proteins in the
proteome is not known; perhaps, uptake of copper by low-affinity transporters is sufficient.
The size of algal CTRs compared to homologs from plants, fungi and animals suggests an
enrichment of assimilative transporters; CTRs on the plasma membrane tend to have an
extended N-terminus with more metal binding motifs presumably increasing chelating
capacity and therefore copper affinity.

The Chlamydomonas genome contains four genes encoding CTRs: CTR1, CTR2, CTR3,
and COPT1. COPT1 is relatively small and more similar to plant and animal proteins than to
other algal sequences. COPT1-like proteins are also found in the green algae Coccomyxa sp.
C-169 and Micromonas spp. and may be involved in intracellular trafficking of copper.
COPT1 transcript is also the least abundant mRNA among the CTR family genes both
during copper-replete and copper-deficient growth conditions [3] (Figure10A).
Chlamydomonas CTR1, CTR2 and CTR3 are 3 times the size of COPT1 and contain
multiple putative copper binding sites indicative of copper assimilation. Unlike COPT,
CTR1- CTR3are induced by copper-deficiency, but only CTR1 and CTR2 were localized
to the plasma membrane by biochemical fractionation, indicating that CTR1 and CTR2 are
the major copper assimilation permeases in Chlamydomonas [146]. CTR3 may have arisen
from a partial duplication event of C7/R2and is found in the soluble proteome [3, 146]. The
genomes of the green algae V. carteriand C. variabilis also contain CTR3-like genes that
encode a putatively soluble protein. CTR3 may act as a periplasmic copper chaperone
delivering copper to CTR1 and CTR2. The similarity between CTR3 and CTR1/2 is
reminiscent of the sequence similarity between characterized Atx1-like copper chaperones
and the N-termini of P,g-type ATPases.

Since CTR permeases transport copper in the +1 oxidation state, copper must be reduced
prior to transport in aerobic environments. Ferric reductases on the plasma membrane can
also reduce cupric copper. Iron- and copper-deficiency independently induce FREZ
expression, a gene encoding a cytochrome bs5g NADPH oxidase from S. cerevisiae (see
section 3.1.1.). The CTR gene from the red alga C. merolae uniquely encodes a cytochrome
bsg1 domain that may function as the cupric reductase. In Chlamydomonas, cupric reductase
activity is induced in copper-deficient Chlamydomonas cells by two fold [156]. While the
abundance of the putative metal reductase-encoding transcripts RBOL 2 (respiratory burst
oxidase like 2) and CBD1 (Crel4.9g609900; Cytochrome b5y DOMON 1) are increased
about five fold in copper-deficient versus copper-replete growth conditions (Figure 10B),
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they are represented by only about one mRNA per cell during copper-deficiency [3]. The
presence of a copper chaperone, CTR3, may increase the Cu(l) chelating capacity of the
periplasmic space and reduce dependency on cupric reduction.

4.2. Intracellular distribution of copper

In addition to catalyzing potentially harmful reactions, copper has a high affinity for the side
chains of metal-binding amino acids, and toxicity can arise through mis-incorporation of
copper into proteins. Therefore, copper is delivered by metallochaperones [157] from its site
of uptake on the plasma membrane to copper-dependent enzymes or additional transporters.
In vitro metal transfer between S. cerevisiae Ctrlp and the metallochaperone Atx1p
[158]supports a model where trafficking of copper within the cell is controlled through
protein-protein interactions.

4.2.1. Group B transport family P,1g-type ATPases—If the final destination of
copper is an organelle, then metallochaperones will hand off their cargo to P1g-type
ATPases in the organellar membrane [159]. An exception is cytochrome oxidase assembly,
which requires the cytosolic copper chaperone COX17 to interact with additional
chaperones in the mitochondrion forgoing contact with a distributive transporter [160, 161].
PIB-type ATPases contain six or eight putative TMs and use the phosphorylation of an
aspartic acid residue in the ATPase domain to cause structural changes that drive metal
transport. The P1g-type ATPases were first recognized as copper transporters because
ATP7A and ATP7B in humans lead to inherited copper metabolism disorders (reviewed in
[162]). These proteins are located in the trans-Golgi compartment [163], where they are
responsible for providing copper to cuproproteins in the secretory pathway, but during
copper excess, they move to the plasma membrane and mediate copper efflux [164].The
protein similarity network for this family contains three distinct clusters, and clusters 1 and 3
contain members implicated in intracellular copper transport (Figure 11).

Cluster 1 can be further divided into two subgroups: Cu-A contains proteins localized to the
chloroplast such as PAAL and PAA2 from Arabidopsis (Figure 11B), and Cu-B contains
proteins localized to the secretory pathway such as ATP7A and ATP8A. The chloroplast
subgroup is shared among land plants, green algae and cyanobacteria but missing from C.
merolae and most of the sequenced chromalveolates. Plastocyanin is a soluble protein in the
thylakoid lumen, and copper must be pumped across two plastid membranes. In
Arabidopsis, PAA1L localizes to the inner membrane of the chloroplast and pumps copper
into the stroma [165], while PAA2 localizes to the thylakoid membrane and pumps copper
into the lumen [166]. The function of these transporters in copper transport is supported in
part by the observation that a paaZ mutant is defective in plastocyanin maturation, which
occurs in the thylakoid lumen, and stroma-localized Cu/Zn SOD activity, while a paa2
mutant is only defective in plastocyanin maturation [166]. C. merolae does not have a gene
encoding plastocyanin or a gene for Cu/Zn SOD, and orthologs of either PAAZ or PAAZ are
not found. Since most chromalveolates do have a Cu/Zn SOD, the absence of a PAAL
ortholog would suggest that this SOD is not localized to the chloroplast. Only £. siliculosus
has both a Cu/Zn SOD and a single transporter from the Cu-A subgroup. Two
chromalveolates, £. Auxleyiand F. cylindrus have plastocyanin (top BLAST hit for both
proteins is the plastocyanin from the diatom 7. oceanic), but genes encoding Cu-A subgroup
proteins were not found in their genomes. Therefore, if plastocyanin from E£. hux/eyiand F.
cylindrus localizes to the chloroplast, then the pathway for copper transport to plastocyanin
may have evolved independently in these algae.

Cluster 3 contains proteins from organisms in Archaeplastida. The one characterized
member, HMAL from Arabidopsis, localizes to the chloroplast envelope, but the function of
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5. Zinc

this protein remains controversial. An initial study of HMA1 suggested that it transports
copper into the stroma [166], but a subsequent study proposed that HMAL transports zinc
out of the stroma into the cytoplasm [167].

Three proteins, multi-copper ferroxidase (FOX1, on the plasma membrane), cytochrome
oxidase (COX2A/B, in the inner mitochondrial membrane) and plastocyanin (PCY1, in the
thylakoid lumen) make up the major portion of the copper quota in Chlamydomonas under
copper-replete growth conditions [3, 168]. ATX1 is predicted to deliver copper to the P1g-
type ATPase CTP1 in the trans-Golgi compartment where FOX1 is matured, as has been
shown for orthologous proteins from S. cerevisiae and mammals [169] (Figure 3). The
function of Chlamydomonas ATX1 is supported by functional complementation studies;
expression of A7X1 can rescue growth of an afxZA strain of S. cerevisiae on iron-depleted
medium [112]. CTP1 belongs to the Cu-B subgroup in the similarity network and is similar
to Ccc2p, which is responsible for providing copper to Fet3p, the FOX1 equivalent from S.
cerevisea. The C. merolae genome does not encode a FOX1 homolog and a gene encoding
ATX1 was not found, but it does have a P1g-type ATPase similar to ATP7B, which could be
involved in copper efflux. Based on similarity to PAA1 and PAA2, the Chlamydomonas
protein CTP2 is predicted to pump copper across the inner membrane and the fourth
identified P,g-type ATPase, renamed CTP4, is predicted to pump copper across the
thylakoid membrane (Figure 3). Since the Chlamydomonas genome lacks a Cu/Zn SOD-
encoding gene, the main functions of CTP2 and CTP4 are predicted to be loading of
plastocyanin with copper. A fourth Pg-type ATPase is encoded in the Chlamdyomonas
genome. This protein, CTP3, is similar to HMADS from Arabidopsis (Figure 11) and
therefore may be involved in detoxifying copper through the secretory pathway (Figure 3).

A chaperone for delivery of copper to plastocyanin has not been characterized but a
transcriptomic analysis of Cu-deficient Chlamydomonas cultures identified PCC1 as a likely
candidate [3]. PCC1 shares sequence similarity with ATX1 including a conserved copper-
binding motif, and PCCI orthologs are found in all currently sequenced green algal genomes
but not the genomes of C. merolae (lacks plastocyanin), chromalveolates (most lack
plastocyanin) or land plants. By expressing two copper chaperones, Chlamydomonas may be
able to differentially direct copper to plastocyanin versus FOX1 [3].

Zinc is one of the most abundant trace metal nutrients in biology. This metal ion is prevalent
in hydrolytic enzymes, where it provides a chemical functionality (electrophile) that is not
easily provided with amino acid side chains, and because zinc lacks redox chemistry, it is
commonly used to stabilize protein structures. Eukaryotes in particular have taken advantage
of the latter feature leading to an expansion of zinc proteins, particularly zinc-finger
transcription factors, in their proteomes [170].

5.1. Group A

5.1.1. ZIP—In eukaryotes, members of the ZIP family mediate zinc transport across the
plasma membrane. As expected from the fundamental role in zinc assimilation, all
sequenced algal genomes contain ZIP genes, but the green algae C. variabilis and
Coccomyxasp. C-169 are the only algae that contain ZIP genes from all subfamilies (see
section 3.1.2.1.). ZIP transporters from algae are expected to have similar roles as have been
found for other organisms, such as zinc assimilation and intracellular distribution. There are
14 ZIP family proteins encoded in the Chlamydomonas genome; one of which (ZIP14) only
shows remote similarity to the family [101]. Expression of the genes encoding the low- and
high-affinity zinc transporters Zrtlp and Zrt2p from S. cerevisiae is inducible by zinc-
deficiency, and assimilative zinc transporters in mammals are also responsive to zinc
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nutrition. In contrast, the iron transporter-encoding gene /R71 from Arabidopsis is regulated
by iron nutrition. Therefore, metal responsiveness to iron-deficiency and zinc-deficiency at
the transcription level was assessed for the 13 ZIP genes in Chlamydomonas leading to the
present nomenclature [70] (Malasarn and Merchant, unpublished) (Urzica and Merchant,
unpublished) (Table 2). Of the ZIP genes with increased mRNA abundance during zinc-
deficiency, ZRT1, ZRT2, ZRT3 and ZRT5 cluster with subfamily | proteins and are similar
to the assimilative zinc transporters Zrtlp and Zrt2p from S. cerevisiae and OsZIP4 [171]
and OsZIP5 [172] from rice (Figure 4). ZRT4 is a member of subfamily Il and is similar to
ZIP1 — ZIP3 from human. Based on transcript abundance, ZRT1 appears to be the main
assimilative zinc transporter during zinc-deficiency (Figure 5B).

In addition to the plasma membrane, ZIP permeases are also found in intracellular
membranes. ZIP-mediated efflux of zinc across the membranes of the Golgi, endoplasmic
reticulum and vacuole has been characterized [85, 129, 173]. Although the consequence of
ZIP activity is usually zinc transport into the cytoplasm, Yke4p, a yeast transporter, is bi-
directional and mediates zinc transport into or out of the endoplasmic reticulum depending
on the zinc status of the cell [173], and GmZIP1 from soybean can transport zinc out of the
cytoplasm into a specialized nitrogen-fixing compartment called a symbiosome [174]. As
passive transporters, ZIP activity would be highly dependent on metal speciation within the
cell and structural determinants are only part of the equation.

5.2. Group B

5.2.1. CDF—Most CDF proteins are composed of six putative TMs and transport metal out
of the cytoplasm and into intracellular compartments (Figure 1). The term “cation diffusion
facilitator” was coined to refer to four zinc, cobalt and cadmium transporters in bacteria and
S. cerevisiae with shared sequence similarity and roles in metal tolerance [175]. Although
called facilitators, these transporters are actually antiporters and rely on a proton gradient
across the membrane to mediate efflux of metal. Characterization of bacterial CDF proteins,
specifically YiiP/FieF from E. coli, has provided novel insight into the transport mechanism
and how the cytoplasmic concentration of metal can regulate transport activity [176,
177].The first CDF gene from mammals, Zn7-1, was discovered in a complementation assay
of a cell line that displayed increased sensitivity to zinc [178]. Ten ZnT-like proteins (also
referred to as SLC30) have now been described in mammals, most of which have roles in
zinc efflux [179]. ZAT1 (Zn transporter of Arabidopsis thaliana, also referred to as CDF1)
was the first member of the CDF family found in a plant [180] and an ensuing analysis of
ZAT-like genes in plants resulted in the renaming of ZAT to AtMTP1 and creation of the
MTP (Metal Tolerance Protein) family of plant CDF proteins [181].

Like the ZIP family, CDF proteins can transport multiple divalent metal cations, but the
family can be divided phylogenetically into the zinc, manganese and zinc/iron permease
groups [182]. Characterized plant and fungal members of the zinc subgroup are involved in
sequestering zinc in the vacuole [85, 183, 184], while mammalian ZnT proteins are found in
the plasma membrane plus various intracellular compartments such as the vacuole and
secretory vesicles [179]. Although most CDF proteins are involved in tolerance to excess
metal by mediating efflux across the plasma membrane or into the vacuole, some of these
transporters are more abundant during zinc deficiency. These proteins include Zrclp, Msc2p
and Zrg17p from S. cerevisia 185, 186], ZnT-5 and ZnT-7 from humans [187, 188] and
AtMTP2 from Arabidopsis [189]. Zrc1p localizes to the vacuole and protects against zinc
shock, which can occur when the cell transitions from a zinc-deficient environment to a
zinc-replete environment [190]. Msc2p, Zrgl7p, ZnT-5 and ZnT-7 transport zinc into the ER
or Golgi during zinc-deficiency and participate in the unfolded protein response (UPR). By
analogy, AtMTP2 may also sequester zinc within an intracellular compartment.
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In comparison to plants and mammals, algae have few genes encoding CDF proteins. MTP1
is the only putative zinc-specific CDF protein in Chlamydomonas [101] Since MTP1is
induced by Zn-deficiency (Malasarn and Merchant, unpublished), this putative zinc
transporter could be involved in pumping zinc into either the vacuole or endomembrane
system. The red alga C. merolae has two MTP1-like CDF proteins, and one, CMF058C, was
identified in purified acidocalcisomes [142]. Acidocalcisomes are calcium- and inorganic
phosphate-rich acidic vacuoles that can contain various metal ions including zinc [191].
Therefore, CMFO058C is likely involved in zinc detoxification by pumping zinc into
acidocalcisomes. The group 3 green algae M. pusilla CCMP1545, O. lucimarinus and
Ostreococcus tauri are missing a zinc-specific CDF, indicating loss in only a subset of
prasinophytes (marine green alga). This gene loss may relate to the metal content of their
natural environment. The fact that zinc-sparing mechanisms, such as replacement of zinc-
dependent carbonic anhydrases with cobalt- or cadmium-containing enzymes [192, 193],
occur in nature indicates that portions of the ocean may be zinc-limited, just as portions are
iron-limited [194, 195]. Algae in such zinc-limited environments may not need CDF
proteins in zinc homeostasis.

5.2.2. P1g-type ATPases—Besides their role in copper efflux (see section 4.2.1), P1p-
type ATPases can efflux zinc out of the cytoplasm, either into the vacuole as described for
Arabidopsis HMA3 [196] or across the plasma membrane as described for Arabidopsis
HMAZ2 and HMA4 [197]. Both HMA3, HMA4 and HMAZ2 belong to cluster 2 in the protein
similarity network (Figure 11). Like the green algae C. variabilisand V. carteriand the red
alga C. merolae, Chlamydomonas does not have an HMA3- or HMAZ2-like P1g-type
ATPase, while homologs are present in the prasinophytes and most chromalveolates. A
second cluster similar to the HMA2/HMAZ3 cluster includes the Arabidopsis protein HMAL,
which is also involved in tolerance to excess zinc but is localized to the chloroplast
membrane [167]. The green algae and red alga that are missing a HMA2/HMAZ3-like protein
contain a HMAU1-like protein instead, while prasinophytes have both. The HMAL group,
however, is specific to the Archaeplastida lineage (see section 4.2.1).

6. Manganese

Manganese is essential for phototrophic growth. The two main sites of manganese utilization
in algae are the polynuclear cluster of photosystem Il and manganese-dependent superoxide
dismutases (Mn-SOD). As shown in Table 1, while the presence of genes encoding Cu/Zn-
SOD and Fe-SOD can vary from one alga to another, all sequenced algae have at least one
Mn-SOD and one of the five Mn-SODs (MSD1 — MSD5) in Chlamydomonas is in the
mitochondria [198] as is the case for most eukaryotes. In the diatom 7. pseudonana, Mn-
SOD is the dominant SOD in the cell and is localized to the chloroplast [199]. Reliance on
Mn-SOD instead of the Fe-SOD, also encoded in the genome, is proposed to be an
adaptation to low iron in 7. pseudonana. In addition to the five Mn-SODs, Chlamydomonas
has a single Fe-SOD, but unlike in 7. pseudonana, it is the dominant SOD in the chloroplast
under standard laboratory conditions [198]. Under iron deficiency, however, MSD3is
induced ~103 fold compared to iron-replete growth conditions, suggesting that expression of
MSD3 s part of a low-iron-acclimation strategy [200].

6.1. Group A manganese transporters

In most organisms, the predominant route for manganese uptake is proposed to involve
members of the NRAMP family. AINRAMP1 from Arabidopsis is localized to the plasma
membrane and expression is induced by manganese deficiency [201]. The S. cerevisiae
NRAMP, Smflp, is also localized to the plasma membrane, and the presence of manganese
(and to a lesser extent iron) causes targeting to and subsequent degradation of the transporter

Biochim Biophys Acta. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blaby-Haas and Merchant Page 20

in the vacuole [202]. The expression of two NRAMP genes (encoding NRAMP1 and
NRAMP2) is induced by manganese limitation in Chlamydomonas, about 8- and 3-fold,
respectively [200]. NRAMPI was able to rescue a yeast strain deficient in manganese
transport and partially rescue a strain deficient in iron uptake [203], but the locations of
these transporters and their functions within the algal cell remain unknown. As mentioned in
section 3.1.2.2., the developmental stage determines the physiological role of AINRAMP3
and AtNRAMP4; they are involved in iron homeostasis in seeds, but manganese
homeostasis in adult leaves. Whether analogous dual-function NRAMPs exist in algae is not
known.

In contrast to the putative iron transporter NRAMP4 which clusters with eukaryotic
NRAMP proteins, NRAMP1 and NRAMP?2 cluster with bacterial transporters (Figure 6).
The bacterial NRAMP, often referred to as MntH, was first described in £. coli, and
although it can transport iron, it has a preference for manganese [204]. The MntH subgroup
C is predominately composed of prokaryotic NRAMPSs but contains several eukaryotic
proteins in addition to Chlamydomonas NRAMP1 and NRAMP2: two homologs from
Physcomitrella patens, one from V. carteri, one from Coccomyxasp. C-169 and one from C.
merolae. NRAMPs from other green algae belong solely to the eukaryotic groups, and most
are more similar to animal NRAMPs than to plant or algal proteins.

As in yeast [205], Mn(I1) may also enter the algal cell as MnHPO, via a phosphate
transporter. Manganese deficiency results in a lower phosphate quota in Chlamydomonas,
suggesting that manganese may be the preferred counter ion for a phosphate transporter, and
expression of PTA3and PTA4, encoding putative phosphate transporters, are induced by
manganese-deficiency [200].

6.2. Group B manganese transporters

In S. cerevisiae, the Golgi plays an important role in manganese trafficking to Mn-SOD in
the mitochondrion. The NRAMP protein Smf2p pumps manganese out of Golgi-like
vesicles [206] and is essential for activation of Mn-SOD in the mitochondria [207, 208].
Mn-SOD metallation and activity in the mitochondria also require the presence of a
mitochondrial carrier protein, Mtm1p, which may serve as a manganese transporter in the
mitochondrial membrane [208, 209]. However, deletion of MT7M1 does not affect the
concentration of manganese in the mitochondria, suggesting that if it is a manganese
transporter then it is specific for maturation of Mn-SOD. A distinct cluster containing
Mtm1p and the functional ortholog AtMTM1 from Arabidopsis is present in the protein
similarity network of the mitochondrial solute carrier family (Figure 8). All sequenced algae
have a Mn-SOD and an Mtm1p-like protein, except A. anophagefferens, which does not
have a recognizable Mtm1p-like protein as determined by the cluster analysis. SLC25A39
and SLC25A40 from human and a second Arabidopsis protein At2g46320 also clustered
with Mtm1p and AtMTM1. We have renamed the Chlamydomonas protein MML1 for
MTMZ1-Like 1. The presence of genes encoding members this transport family subgroup
suggests that, like in yeast, Mn-SOD localizes to the mitochondria in most algae.

Members of the CDF family are also predicted to play a role in manganese transport. Based
on phylogenetic relationships, the Chlamydomonas CDF proteins MTP2, MTP3 and MTP4
are predicted to transport manganese [182, 210] (see section 5.2.1.), while MTPZ2and MTP5
transcripts are 3 and 5 fold more abundant in manganese-limited medium than manganese-
replete [200]. MTP5 is part of the ZnT9/AtMTP7 cluster in the CDF protein network (Figure
12) and proteins from this subgroup are uncharacterized. ZnT9 (also referred to as HUEL;
Human Embryonic Lung) was localized to the cytoplasm and nucleus depending on the cell-
cycle and is proposed to be involved in DNA synthesis or transcriptional regulation because
of the presence of a DNA repair motif [211]. While ZnT9-like proteins are found in animals,
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plants and algae, the partial DNA repair domain is only conserved in animals and the
alveolate Perkinsus marinus. Like the EIN2 proteins from plants, that have an NRAMP
domain but function in a signaling cascade, ZnT9-like proteins may have adopted the metal
transport domain for a function other than metal trafficking.

7. Nickel and cobalt

Nickel and cobalt-dependent enzymes are relatively rare. For several organisms, enzymes
that are dependent on these metals have become redundant by replacement with analogous
enzymes, such as substitution of B1, (cobalt)-dependent methionine synthase with a B1o-
independent enzyme. B1,-dependent enzymes appear to have been lost by all land plants,
most unicellular eukaryotes and insects [212]. Even eukaryotes that use B1,-dependent
enzymes do not need to transport Co(ll) since these organisms obtain the porphyrin-bound
form (B12) from their diet. Nickel does need to be transported by organisms that contain
urease, which includes plants and many algae except the non-chromeolovate algae
Chlamydomonas, V. carteri, Coccomyxasp. C-169, C. variabilis, C. merolae and M. pusilla
CCMP 1545. Although nickel-enzymes were not found to be encoded in these algal
genomes (as of 2/2012), proteins with similarity to the assimilative nickel transporter NicO
were found. In prokaryotes, the NicO family is composed of a high-affinity nickel/cobalt
transporter, which supplies metal for cobalamin biosynthesis, Ni-Fe hydrogenase, Ni-
dependent superoxide dismutase and/or Ni-urease. The presence of NicO in the genomes of
algae that lack Ni-dependent enzymes suggests that either there is an unidentified nickel
enzyme or NicO transports a different metal.

In the absence of a nutritional requirement for nickel and cobalt, NicO homologs in algae
could be iron transporters in the thylakoid membrane. A NicO homolog (named ZN) is
responsible for the zebra-necrosis mutant phenotype in plants, which is a green/yellow
striped pattern on the leaf caused by defective chloroplast biogenesis [213]. ZN localizes to
the thylakoid membrane in rice and in Arabidopsis it may interact with PIC1, which has
been implicated in plastid iron homeostasis [127]. In Chlamydomonas, transcript abundance
of NicO increases with decreasing iron concentration but not in zinc- or copper-deficiency
(Urzica, Malasarn and Merchant, unpublished). Therefore, NicO is an appealing candidate
for plastid iron transport.

8. Concluding remarks

Algae represent a relatively unexplored group of photosynthetic eukaryotes with respect to
molecular biology and biochemistry. They are ideal for comparative studies of trace metal
homeostasis, and the genome is an accessible tool for initiating such an analysis. As with
other genomes, however, most genes are uncharacterized, and the first challenge is to predict
a function for each gene. For protein families with multiple functions, protein similarity
networks can be used in a first-level functional assessment in which an uncharacterized
protein is grouped with characterized or partially characterized proteins. In some cases, the
function of one or more characterized proteins can be extrapolated to uncharacterized
proteins in the same cluster. Using this approach, we have identified six new putative metal
transporters in Chlamydomonas. We predict NRAMP4 and MFL1 are involved in iron
homeostasis, while CVL1 and CVL2 may be involved in iron distribution either into the
vacuole or into another intracellular compartment. MML1 could be a mitochondrion-
localized transporter, and from the similarity network of the MSC family, it is apparent that
the MTML1 cluster (to which MMLL1 belongs) is similar to the mitoferrin cluster (to which
MFL1 belongs) (Figure 8). Therefore, MML1 could also be a metal transporter, except
unlike mitoferrin, MML1 may transport manganese. We predict CTP4 localizes to the
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thylakoid membrane and provides copper for plastocyanin, while the previously identified
CTP3 is predicted to localize to the secretory system.

The presence and absence of proteins involved in metal homeostasis can provide the initial
clues as to how algae are able to thrive in diverse environments with unique geochemistries.
In terms of metal metabolism, algae have taken divergent paths, which is explicit from the
presence of iron- or copper-containing proteins and types of metal transporters. For instance,
the red alga C. merolae and some chromalveolates do not have plastocyanin and accordingly
do not have recognizable orthologs PAA1 or PAA2. We hypothesize that chromalveolates
that have plastocyanin but not PAAL or PAA2 orthologs may have a novel route for
plastocyanin metallation.

By examining the presence of metal transporters, we can also gain insight into other aspects
of metal metabolism, such as the subcellular location of the different types of SODs. The
presence of MTM1 orthologs and at least one Mn-SOD suggests that all algae have a Mn-
SOD localized to the mitochondria. The absence of PAAL orthologs but the presence of Cu/
Zn SODs supports the notion that, in contrast to land plants, the Cu/Zn SOD in most
chromalveolates is not localized to the chloroplast.

Two putative transport proteins with novel domains were also identified. The fusion of a
cytochrome b5g1 domain to the CTR protein of C. merolae suggests that a cytochrome bsgq
protein may be responsible for copper reduction in other algae. The fusion of FEA1 and
FTR domains in an A. anophagefferens protein supports the role of FEAL in iron
assimilation, and the FEA1 domain appears to be on the periplasmic side of the membrane
and could, therefore, bind ferrous iron and transfer it to the permease. Assuming the FEA1-
FTR1 fusion is genuine and not due to an incorrect gene model, the combination of both
domains in one protein indicates that FEAL performs a supportive role in iron transport. In
algae where it is a separate protein, FEAL1 may function to deliver iron to a permease.
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Refer to Web version on PubMed Central for supplementary material.
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Predicted membrane topologies and common substrates for each transporter family are

shown. Arrows represent the direction of metal ion transport, which is either into the

cytoplasm for group A transporters or out of the cytoplasm for group B transporters. In the
case of transporters localized to the inner membrane of either the chloroplast or
mitochondrion, group B transporters would transport metal ions from the inter-membrane

space into the stroma or matrix, respectively.
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Figure 2. Simplified representation of the eukaryaotic evolutionary tree
Shown is a tree representing one hypothesis for the relatedness of alga-containing lineages.
Individual algae (for which sequenced genomes are available) and groups containing algae
are shown in bold. Green and red arrows represent the movement of primary plastids of

green and red algal origin to a heterotrophic ancestor of photosynthetic organisms in
Excavata, Chromalveolata and Rhizaria. Lineages that have lost the ability to
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photosynthesize are indicated with “n.p”. Solid circles indicate that the algal genomes that
were queried for homologs of known metal transporters; green circles for green algae and

red circles for the red alga C. merolae and algae with plastids that originated from the

engulfment of a red alga. Branches representing lineages with primary plastids are colored
green for Viridiplantae, red for Rhodophyta and blue for Glaucophyta. Branch lengths do
not indicate evolutionary distance [215].
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Figure 3. Assimilative and distributive metal transport in Chlamydomonas

Putative metal transporters, metal-binding proteins and chaperones encoded in the
Chlamydomonas genome and their known or predicted intracellular locations are shown.
Arrows are used to illustrate the proposed directions of transport. Descriptions of proteins
are available in table 2 or the text.
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Figure4. Protein similarity network of the ZI P family
Six distinct clusters are shown, four of which have been previously distinguished from one
another using phylogeny [83]. Proteins from Arabidopsis, human, Chlamydomonas and S.
cerevisiae in each cluster are listed under the subgroup name. Additionally, the nodes
representing those proteins are labeled; the nodes representing Chlamydomonas ZIPs are
light green (for Chlorophyta) and labeled with a name (/.e. ZIP1), human proteins are yellow
and labeled, Arabidopsis proteins are green and labeled and S. cerevisiae proteins are light

blue and labeled.
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B

A
Fe-limited \‘ Zn-limited

Figure 5. Abundance of Chlamydomonas ZIP transcripts

A) Pie charts show the contribution of each ZIP transcript during growth in iron-limited (0.2
KM Fe), iron-deficient (1M Fe) and iron-replete (20 M Fe) medium. B) Pie charts show
the contribution of each ZIP transcript during growth in zinc-limited (OpM Zn) and zinc-
replete (2.5 LM Zn) medium. In (A) and (B), the size of each pie chart represents the sum of
all ZIP transcripts during that condition normalized to the iron- or zinc-limited condition.
Consequently, the size of the metal-replete chart is different in each case.
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Figure 6. Protein similarity network of the NRAMP family

Six distinct clusters are shown, four of which have been previously distinguished from one
another using phylogeny [96]. The E-value giving the best separation of the eukaryotic
subgroup from the MntH group C, produced a network without connections to the MntH
group B or the fungal NRAMPs. When the threshold is lowered, the fungal proteins cluster
with the eukaryotic groups, and MntH group B clusters with the other MntH groups.
Proteins from Arabidopsis, human, Chlamydomonas in each cluster are listed under the
subgroup name. For S. cerevisiae, the protein names are listed next to the fungal cluster
(light blue nodes). The nodes themselves are labeled following the convention described in
the legend to figure 4, except the “NRAMP” portion of each name is excluded (/.e.
"NRAMP1' is shown as "1').
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Fet3p
hCp
FOX1

Figure 7. Multi-copper ferroxidase domains

The domain architecture of Fet3p from S. cerevisiae, ceruloplasmin (hCp) from human and
FOX1 from Chlamydomonas according to [114] is shown. Each circle represents a
cupredoxin domain. Residues from the red and blue domains form the trinuclear copper
cluster. The blue domains contain a T1 copper cysteine, while the red domains have lost this
cysteine and contain only T2 and T3 copper ligands. Domains that contain T1 copper sites
and are involved in iron-binding have a dashed border.
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Figure 8. Protein similarity network of theMTM1, Mitoferrin and S-adenosylmethionine
transporter subgroups of the M SC family

Nodes representing proteins that belong to the S-adenosylmethionine transporter cluster are
colored grey. Proteins from Arabidopsis, human, Chlamydomonas and S. cerevisiae in the
MTML1 or Mitoferrin clusters are listed under the subgroup name and the corresponding
nodes are labeled.
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Figure9. Protein similarity network of the Ccclp and VIT1 family

The similarity network shows three main clusters. Each cluster contains proteins linked to
iron homeostasis. Nodes representing Ccclp from S. cerevisiae, VIT1, Nodulin-likel (NL1),
Nodulin-like2 (NL2), Nodulin-like3 (NL3), Nodulin-like4 (NL4) and Nodulin-like21
(NL21) from Arabidopsis, Pcll from S. pompe and CVL1 and CVL2 from Chlamydomonas
are labeled. Animal sequences belonging to this family were not found.
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—Cu +Cu
A COPT1

Figure 10. Abundance of Chlamydomonas CTR family and putativeferric reductase transcripts
A) Pie charts show the contribution of CTR1, CTR2, CTR3 and COPT1 transcript
abundance during copper-deficient and copper-replete growth conditions. The sizes of each
chart represent the relative total transcript abundance. B) Pie charts show the contribution of
putative ferric reductase transcript abundance during copper-deficient and copper-replete
growth conditions. The sizes of each chart represent the relative total transcript abundance.
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Figure11. Protein similarity network of the P1g-type ATPase (HMA) family
A) The similarity network shows three main clusters. Proteins from Arabidopsis, human,

Chlamydomonas, and S. cerevisiae in each cluster are listed under the subgroup name. The
nodes themselves are labeled following the convention described in the legend to Figure 4.
In addition, the P g-type ATPases from E. coli, ZntA and CopA, are labeled. B) A separate
network was built with the known and putative Cu-transporters from (A). The E-value used
in part A as a similarity cutoff was lowered, leading to the loss of connections between less
similar proteins. Because of the higher stringency, Cu transporters localized to the
chloroplast and those found in cyanobacteria separate from Cu transporters localized to the
secretory system and those from noncyanobacterial bacteria, forming two clusters.
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Figure 12. Protein similarity network of the CDF family

The similarity network shows four main clusters. Proteins from Arabidopsis, human,
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Chlamydomonas, and S. cerevisiae in each cluster are listed under the subgroup name. The
nodes themselves are labeled following the convention described in the legend to figure 4. In
addition, the CDF proteins from E. coli, FieF and ZitB, are labeled.
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