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ABSTRACT: Microbial pathogens succeed in acquiring essential metals such as iron and
manganese despite their limited availability because of the host’s immune response. The
eukaryotic natural resistance-associated macrophage proteins mediate uptake of divalent
metals and, during infection, may compete directly for metal acquisition with the pathogens’
transporters. In this study, we characterize the Nramp gene family of Perkinsus marinus, an
intracellular parasite of the eastern oyster, and through yeast complementation, we demon-
strate for the first time for a protozoan parasite that Nramp imports environmental Fe. Three
PmNramp isogenes differ in their exon—intron structures and encode transcripts that display
a trans splicing leader at the S’ end. The protein sequences share conserved properties
predicted for the Nramp/Solute carrier 11 (Slcl1) family, such as 12-transmembrane
segment (TMS) topology (N- and C-termini cytoplasmic) and preferential conservation of
four TMS predicted to form a pseudosymmetric proton/metal symport pathway. Yeast
fet3fet4 mutant complementation assays showed iron transport activity for PmNrampl and a
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fusion chimera of the PmNramp3 hydrophobic core and PmNrampl N- and C-termini. PmNramp1 site-directed mutagenesis
demonstrated that Slc11 invariant and predicted pseudosymmetric motifs (TMS1 Asp-Pro-Gly and TMS6 Met-Pro-His) are key for
transport function. PmNrampl TMS1 mutants D76E, G78A, and D76E/G78A prevented membrane protein expression, while
TMS6 M250A, H252Y, and M250A/H252Y specifically abrogated Fe uptake; the TMS6 H252Y mutation also correlates with

divergence from Nramp specificity for divalent metals.

erkinsus marinus is an intracellular parasite that infects the
P eastern oyster Crassostrea virginica and has caused extensive
damage to natural and farm-raised oyster populations along the
Atlantic and Gulf coasts of the United States." The life cycle of
P. marinus includes a free-living stage (zoospore) and a nonmotile
vegetative stage (trophozoite). Upon entering the host, most
commonly by ingestion during filter-feeding, trophozoites are
phagocytosed by oyster hemocytes where they are able to survive
and proliferate inside a phagosome-like structure. Although the
infection mechanism has not been fully elucidated, a galectin with
a unique structure plays a 51gn1ﬁcant role in the entry of the
parasite into the host hemocytes.” Migration of infected hemo-
cytes throughout the host tissues leads to systemic infection and
eventually death.’ In the environment, transmission of P. marinus
between oysters likely occurs when released trophozoites from
infected oysters are ingested during filter-feeding by adjacent
individuals. Over the past 10—15 years, the range of P. marinus
infection has extended along the Atlantic coast from New Jersey
to Maine.**

Like most intracellular pathogens, P. marinus must acquire
from the host trace elements such as iron for growth, DNA
synthe51s, electron transport, energy metabolism, and enzyme
activity.® The intensity and prevalence of P. marinus infections in
natural and farmed oyster populations show seasonal trends,
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mostly associated with water temperature and salinity and metal
contaminant levels.” Experiments in which oysters maintained
in aquaria under various iron concentrations are exposed to
P. marinus show that higher envuonmental iron levels lead to
increases in P. marinus infection intensity.® Further, proliferation
of in vitro-cultured P. marinus is significantly inhibited by chela-
tion of exogenous iron with desferrloxamme (DFO) and can be
restored by addition of soluble iron.” Taken together, the envi-
ronmental and experimental evidence strongly suggests that
iron uptake is a critical factor for P. marinus proliferation and
infectivity.” Further, the parasite is endowed with effective
mechanisms that prevent oxidative damage by either inhibiting
the phagocytic resplratory burst or catalytically degrading or
scavenging its products, 9712 which allows its intracellular survi-
val and proliferation."® These mechanisms are likely mediated by
superoxide dismutases (PmSOD1 and PmSOD2)"'*~"® and addi-
tional activities of the parasite’s antioxidative machinery, includ-
ing acid phosphatases and ascorbate-dependent peroxidases.”'®
It is noteworthy that the enzymatic act1v1ty of both PmSOD1 and
PmSOD2 requires iron as a cofactor,'® and expression of PmSOD1
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is strongly upregulated as a response to iron starvation, whereas
PmSOD?2 remains at constant levels.'” Thus, it is clear that in
P. marinus iron modulates proliferation, and expression and enzymatic
activity of selected virulence factors, although the mechanism(s)
for uptake of iron by the parasite has remained unknown.

Iron is considered as a critical factor that contributes to the
virulence of microbial pathogens and parasites, and substantial
effort has been spent on the identification and characterization of
their iron acquisition pathways.® Among these, a putative diva-
lent cation membrane transporter that may be responsible for
iron uptake was identified as Nramp/Slc11 [natural resistance-
associated macrophage protein or solute carrier 11 (recently re-
viewed in ref 20)]. The Nramp/Slc11 family has ancient origins,
and the prokaryotic and eukaryotic functional homologues
identified display remarkable sequence conservation, >30%
identical along an ~400-amino acid hydro?hobic core spanning
transmembrane segments (TMS) 1—10.>" This structural pre-
servation underlies functional conservation as both animal or
plant Nramp and prokaryotic homologues (proton-dependent
Mn”" transporters, MntH) were reported to complement yeast
mutants in Smf genes (known as suppressors of the mif mutation;
Slc11 homologues) for uptake of divalent metal ions, essentially
Mn**, Fe**, Co**, Cd**, Ni**, and Cu**.>

Nrampl is a critical factor in mouse innate resistance to in-
fection by Mycobacterium bovis, Leishmania donovani, and Salmonella
enterica serovar Typhimurium, three taxonomically distant intracel-
lular pathogens. Although these microbes use diverse mechanisms
to survive their host’s immune responses, they all rely on acquiring
iron for growth and effective antioxidant defense, thus making
Nramp1 a highly promising marker for resistance to intracellular
pathogens.”® It is now generally accepted that Nramp]'s prime role
as a first line of eukaryotic defense is to limit the availability of
essential metals within phagocytic vacuoles, using the energy stored
in the electrochemical gradient of the proton (acidic phagosome,
positive inside) to efflux divalent metals.>* However, the impact of
Nramp1 activity on the maturation of the phagosome depends also
on the type of ingested microbe. For instance, both Dictyostelium
discoideum archetype Nramp and mouse Nrampl antagonize the
Mycobacterium avium strategy for intramacrophage parasitism, and
Nrampl activity correlates with a lower phagosomal pH and an
increased level of recruitment of the late endosome-lysosome marker
Lampl.24 In contrast, an active Nramp] protein in the membrane of
Salmonella-containing vacuoles enhanced their accessibility both to
endosomal vesicles containing fluid phase markers and to M6PR
delivery without affecting the phagosomal pH.** On the other hand,
in Leishmania, LIT1 transports Fe’*, and it is required for the
replication of the amastigote stage within the host macrophage.”

Conversely, the role of bacterial Nramp homologues (MntH)
in virulence can vary depending on other factors: both MntH and
SitABCD systems facilitate S. typhimurium Mn and Fe uptake
and contribute to virulence in Nrampl '~ and in Nrumpf'/
hosts;>® Mycobacterium tuberculosis mntH is dispensable in a
murine model of infection,””*® whereas the sole Mn importer
of Brucella abortus known so far, an mntH homologue, is critical
for virulence in Nramp1 =/~ mice.”” In unicellular eukaryotes, the
contribution of the iron transporter (LIT1, a cation diffusion
facilitator) to Leishmania virulence in Nramp1 =/~ mice has been
established; otherwise, very limited information is available about
the potential role of Nramp transporters from protozoan para-
sites in infectious pathogenesis.

In a previous study, we identified an Nramp homologue in
P. marinus, which we designated PmNramp,”” the first report for

any member of the alveolates. In this study, we identify and
characterize two novel PmNramp isotypes (PmNramp2 and
PmNramp3) and compare their gene organizations, phyloge-
netic relationships, and evolutionary aspects to those of the
initially reported PmNramp1. Further, we examine mechanistic
aspects of iron transport activity of PmNramps by yeast com-
plementation, construction of chimeric PmNramp species, and
site-targeted mutagenesis, thereby validating a structural basis for
transport function that was predicted by homology modeling.
Given the key phylogenetic position of P. marinus within the
Alveolata,® this study contributes novel insight into the mecha-
nisms of metal acquisition in protozoan parasites in general and
apicomplexans in particular.

B EXPERIMENTAL PROCEDURES

P. marinus Cultures. P. marinus strain CB5D4 (ATCC#
PRA240)" was propagated in Perkinsus standard culture medium
[Dulbecco modified Eagle’s (DME) and Ham’s F12 (1:2) with
3% fetal bovine serum (FBS)] as reported previously.>”

Genome Mining. ¢cDNA and amino acid sequences of
PmNramp1®® were used as a query in the search of potential
homologues in the P. marinus genomic database of the NCBI
trace archive database (http://blast.ncbinlm.nih.gov/Blast.cgi?
PROGRAM=blastn&BLAST SPEC=TraceArchive&BLAST
PROGRAMS=megaBlast&PAGE TYPE=BlastSearch). Two contigs
were identified in the JCVI (formerly TIGR) database using
BLASTn, or tBLASTn using the BLOSUM62 matrix, and a
further BLASTx search in the NCBI (www.ncbinlm.nih.gov)
database indicated that they included members of the Nramp
gene family.

Nucleic Acid Extraction, cDNA Cloning, and Sequencing.
Parasite cultures in the exponential phase were centrifuged for 10
min at 500g and the pellets used for either total RNA extraction
with the RNeasy Mini Kit (Qiagen) or DNA extraction with the
QIAamp tissue kit (Qiagen) following the manufacturer’s in-
structions. One microgram of P. marinus total RNA was tran-
scribed into cDNA using the GeneRacer Core Kit (Invitrogen)
according to the manufacturer’s protocol; another microgram of
total RNA was used to generate first-strand cDNA as reported
previously.®> On the basis of the partial sequences of the
PmNramp homologues obtained from genome mining, gene
specific primers [PmNR2f, PmNR2r, PmNR3f, and PmNR3r
(Table S1 of the Supporting Information)] were designed using
the web-based software Primer3 (http://frodo.wi.mit.edu/) for
reverse transcription polymerase chain reaction (RT-PCR). The
S’ and 3’ ends were subsequently obtained by RACE (rapid
amplification of cDNA ends) procedures with the GeneRacer
Core Kit (Invitrogen). For 3 RACE, the method described by
Borson was also used.*> The 5’ and 3’ RACE products were
cloned into the pGEM-T vector (Promega) and confirmed by
DNA sequencing of three independent clones. Finally, to con-
firm the full-length PmNramp2 and PmNramp3 cDNA se-
quences, primers were designed to target the predicted S end
(Table S1 of the Supporting Information) to amplify the full
cDNA by 3’ RACE. Products were cloned and sequenced as
described above. All PCRs were performed using High Fidelity
Taq DNA polymerase (Takara), with the following settings:
94 °C for § min and then 35 cycles of 94 °C for 30 s, 50—60 °C
for 30 s, and 72 °C for 2—4 min.

Structural Analysis by Homology Modeling. Three-dimen-
sional (3D) structural models for the three PmNramp species
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were obtained as previously described®*** using either MODE-
LER with consensus restraints or iterative TASSER simulations
(I-TASSER).* The default parameters used were those of the
programs developed by the Zhang laboratory, including the
Local Meta-Threading-Server (LOMETS)>® that generates 3D
models by collecting consensus target-to-template alignments
from nine locally installed threading programs, and the MUIti-
Sources ThreadER (MUSTER)* that combines sequence profile—
profile alignment with multiple structural information. The Protein
Data Bank (PDB) coordinates calculated by the different programs
were used to visualize the three-dimensional models using the
freeware viewer Pymol (http://www.pymol.org).

Phylogenetic Analysis. To phylotype the three PmNramp,
a representative set of eukaryotic homologues was selected to
generate multiple alignments using full-length amino acid se-
quences and Clustal X*” or Muscle, which were edited manually
and used alternatively to compare phylogenies. Sets of parsi-
mony-informative sites (corresponding to at least two different
amino acids, and at least two of them occurring with a minimum
frequency of 2°%) were also examined as an alternative to full-
length sequences to examine tree robustness. A consensus phylo-
genetic tree was established by implementing several approaches
using different substitution models. The rate of amino acid
variation among sites was modeled using the WAG amino acid
substitution matrix’> and a discrete Gamma distribution.*’
Phylogenies were inferred using three different types of calcula-
tions: (i) change probabilities along the tree branches deter-
mined by Quartet Puzzling and Maximum Likelihood using
Tree-Puzzle,* (ii) pairwise evolutionary distances (numbers of
substitutions) deduced by the Minimum Evolution/Neighbor-
Joining method*® and allowing a heterogeneous pattern of substi-
tution across the lineages®® as well as pairwise or complete dele-
tion modes,>® and (jii) maximum parsimony*® used to deduce the
evolutionary transitions required to explain the observed amino
acid distributions.®® The consistency of each calculation was
estimated by bootstrapping®® (3000 replicates), and the con-
fidence score of tree nodes was compared.

To evaluate the type of selective pressure exerted on Perkinsus
gene sequences, Kumar’s modification of the Pamilo—Bianchi—
Li method was used to analyze the relative abundance of
synonymous (S) and nonsynonymous (N) substitutions in
codon-by-codon pairwise comparisons of the three aligned
PmNramp nucleotide sequences.”® After the number of synon-
ymous substitutions per synonymous site (ds) and the number of
nonsynonymous substitutions per nonsynonymous site (dy) as
well as their variances, Var(dg) and Var(dy), had been estimated,
the level of significance at which the null hypothesis of neutral
evolution (Hy, dyy = ds) may be rejected was tested considering
three alternative hypotheses (AH1, dy # dg, strict neutrality;
AH2, dy > ds, positive selection; AH3, dy < ds, purifying
selection). A two-tailed Z test was used to determine the level
of significance of the difference dyy — ds (AH1), and a one-tailed
Z test was applied to examine the other hypotheses (AH2 and
AH3). Both pairwise and complete site deletion options were
used to compare the results obtained; the variance of the
difference dy — dg was calculated by bootstrap resampling
(3000 replicates).

To visualize how positive and negative evolutionary selection
are distributed along PmNramp molecules, we used the BioJava
framework-based JCoDA software*' to scan PmNramp MSA by
implementing the dy/ds calculation from the Phylogenetic
Analysis using Maximum Likelihood (PAML, Codeml*) and using

a sliding window. To perform site-specific analyses, a ML tree
was generated and likelihood ratio tests were conducted using six
possible models of nucleotide substitution: MO and M3 evaluate
whether the sequences studied are under identical pressure, while
M1, M2, M7, and M8 seek for the presence of purifying, neutral,
or positive selection; M1 and M2 use discrete values, while M7
and M8 use a f3 distribution.*

The molecular clock hypothesis was evaluated using Tajima’s
relative rate test, which implies equality of evolutionary rate
between two sequences, irrespective of a substitution model,
and whether the substitution rate varies among sites.>® Pairs of
PmNramp nucleotide or amino acid sequences were compared,
using the third sequence as the outgroup. Tajima’s method uses a
¥ test to estimate the independence of paired observations on
two variables; a value of the corresponding probability (p < 0.05)
was used to reject the molecular clock hypothesis.

The homogeneity of substitution patterns was derived from
pairwise sequence comparisons using the Disparity Index test,
which calculates the extent of differences in base or amino acid
residue composition between sequences. The probability p of re-
jecting the null hypothesis that sequences evolved with the same
pattern of substitution was determined using a Monte Carlo test
and bootstrap resampling (3000 replicates).”®

Functional Analysis of PmNramp1 in Yeast. P. marinus
Nrampl cDNA sequences with a HA tag at the 3’ end were
cloned into the NotI site of yeast expression vector pFL61. The
ferrous iron transport-deficient yeast strain DEY1453 (fet3fet4)**
was transformed using lithium acetate and selected for growth on
synthetic-defined (SD) medium (pH 5.6) containing 20 mg/mL
glucose and appropriate autotrophic requirements and supple-
mented with FeCl; to promote yeast growth.*> Genomic DNA
was extracted from transformed yeast cells using the QIAamp
tissue kit (Qiagen) following the manufacturer’s instructions.
Extracted DNA was used to confirm the existence of the vector
by PCR using primer PmNramp1F and pFL61R (Table S2 of
the Supporting Information). Total RNA was extracted from
the transformed yeast cells with the RNeasy Mini Kit (Qiagen).
RT-PCR was performed to examine the expression of PmNramp1
mRNA in yeast. A yeast-enriched membrane fraction was tested
via Western blotting for expression of PmNrampl using the
monoclonal anti-HA high-affinity antibody 3F10 conjugated
with biotin (Roche Applied Science) and streptavidin-peroxidase
(Sigma). Complementation experiments were performed using
the methods of Eide and colleagues.*® The Arabidopsis thaliana
ferrous iron transporter (AtIRT1),* known from previous yeast
complementation assays to be an efficient Fe** transporter,™ was
used as a positive control. As a negative control, yeast was
transformed with the pFL61 vector alone.

Construction of Chimeric PmNramp Isotypes. To test the
metal transport capacity of PmNramp2 and PmNramp3, their
N- and C-termini were swapped with those of PmNramp]1. For
swapping of N-termini, a BamHI restriction site was introduced
by PCR into the coding regions of all three isotypes, using the
primers listed in Table S2 of the Supporting Information. To
verify that introduction of this restriction site does not perturb
PmNrampl function, PmNrampl with the BamHI site was
included as a control in the yeast complementation assays. For
swapping of C-termini, an MscII site was identified at the end of
TMSI12 of PmNrampl and was introduced into the corre-
sponding positions in PmNramp2 by PCR with the primers
listed in Table S2. An SphI site was found in the same proximal
region of PmNrampl. For the replacement of the C-terminus of
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Figure 1. RT-PCR analysis and gene organization of PmNramp isotypes. (A) The three PmNramp isotypes are all constitutively expressed in trophozoites
grown in standard medium. Abbreviations: cDNA, P. marinus cDNA; gDNA, P. marinus genomic DNA; N, negative control; M, 100—1.5 kb DNA marker.
In a 1.2% agarose gel, with ethidium bromide and 1x Tris-acetate-EDTA. (B) Physical organization of the PmNramp homologous genes deduced from
genomic and cDNA sequence analyses. Exons and introns are indicated with filled and empty boxes, respectively. The x-axis indicates the size in base pairs.

PmNramp3, the Sphl site was added to the PmNramp3 coding
region.

Site-Directed Mutagenesis. To test the structural and func-
tional value of the 3D predicted model and the importance of the
canonical tripeptides in TMS1 and TMS6 for PmNramp] func-
tion, selected amino acid residues were mutated by site-directed
mutagenesis using QuikChange II Site-Directed kit (Stratagene).
The primers used for introducing the mutations are listed in Table
S3 of the Supporting Information. All mutations were confirmed
by sequencing prior to the yeast complementation assays.

Immunofluorescence Staining of Yeast Cells. fet3fet4 yeast
cells transformed with PmNrampl, PmNramp3, chimeric
PmNramp3, and all the PmNrampl mutants were harvested
for immunofluorescence staining. Cells were fixed in 4% for-
maldehyde in SD medium at room temperature for 30 min, and
the cell wall was digested with SO ug/mL lyticase (Sigma) at
30 °C in 0.1 M potassium phosphate buffer containing 1.2 M
sorbitol (pH 7.5) for S h. Cells were centrifuged, resuspended in
PBS, applied to the slide wells (Thermo Scientific), and allowed
to sediment for 40 min. Cells were dehydrated in cold methanol
for 6 min at —20 °C, washed in cold acetone (—20 °C) for 10's,
and dried at room temperature. Immunofluorescence studies
were performed as follows. Samples were pretreated with 3%
PBS-BSA for 1 h at room temperature, followed by incubation
with a mouse anti-HA antibody (monoclonal 16B12; Covance)
at a 1:100 dilution in 3% PBS-BSA for 1 h at room temperature.
After three washes in PBS for 5 min, samples were incubated with
a fluorescein isothiocyanate-conjugated goat anti-mouse antibody

6343

(Sigma) ata 1:100 dilution in 3% PBS-BSA in the dark for 1 h at room
temperature. After three washes in PBS for S min, samples were
stained with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen,
Carlsbad, CA) at a 1:1000 dilution in 3% PBS-BSA for 10 min,
followed by three washes in PBS. Subsequently, the samples were
mounted in the ProLong Gold antifade reagent (Invitrogen),
stored in the dark at 4 °C, and examined using a Nikon Eclipse
E800 fluorescence microscope, and images were taken with a
SPOT RT2540 camera (Diagnostic Instruments, Inc.).

B RESULTS AND DISCUSSION

Identification and Characterization of Two Novel PmNramp
Isotypes. The number of Nramp isotypes varies substantially
from organism to organism (e.g, Table S4 of the Supporting
Information). Two archetype Nramps are present in humans and
mice, whereas Saccharomyces cerevisiae possesses three prototype
Nramps. With regard to protozoan parasites, a single potential
archetype Nramp was annotated in the genome databases of
Plasmodium spp. (http://plasmodb.org/plasmo/) and Toxoplasma
gondii (http://toxodb.org/toxo/). Mining the P. marinus genomic
databases using the sequence of the PmNramp gene that we had
previously characterized identified two new contigs encoding
potential Nramp homologues. RT-PCR with gene-specific primers
targeted to each of these homologues confirmed the presence of
their transcripts in P. marinus trophozoites cultured in standard
medium (Figure 1A), indicating constitutive gene expression in
this particular life cycle stage of P. marinus.

dx.doi.org/10.1021/bi200343h |Biochemistry 2011, 50, 6340-6355
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PmNR1CDNA : |ACCGTAGCCATCTTGGCTC TTGTTAGTCCTAGTAG. : 43
PmNR1gDNA : ttcatgctttcataatact attgttagtcctagtag 43

* 20 *
PmNR2CDNA : |TCCGTAGCCATCTTGGCTC AAGTATTATTAT 5 39
PmNR2gDNA : gcttagttacgtttgcttt gaagtattattat s 39

i 20 X 40
PmMNR3CDNA : [ACCGTAGCCATCTTGGCTC GTTTTTAATATTTGTCACCATC : 49
PmNR3gDNA : cccccgacttgagatgtgg ggtttttaatatttgtcaccatc 49
B
dino i 22
PmNR1-SL TAGTCCIAGTAGAAT 8CGATCCGTECTACGGAGG : 71
PmNR2-SL1 ATTATTATTATGTCT: ®GATGGTGATGATGTCCC : 70
PmNR2-SL2 ATTATTATTATGTCT OGATGGTGATGATGTCCE : 71
PmNR3-SL1 TTAATATTTGT CACCAICGATGCGGT®GTCCGAACCATACGAGE : 71
PmNR3-SL2 TTAATATTTGTICACCAICGATGCGGT®GTCCGAACCATACGAGE : 71
PmNR3-SL3 TTAATATTTGTCACCAICGATGGGGT®GTCCGAACCATACGAGE : 70

Figure 2. Conserved SL sequence from P. marinus Nramp mRNAs. (A) Alignment of the ' UTRs of P. marinus Nramp cDNAs and corresponding
genomic (gDNA) sequence revealing the 22-nucleotide trans spliced splicing leader (SL) marked by a box. (B) Alignment of the §" end of PmNramp
isotype cDNAs. The consensus SL sequence from dinoflagellates is compared with that from P. marinus. dino represents the dinoflagellate consensus SL
(D=T,A, orG). The 22-nucleotide SL sequence is highlighted by a square box. For PmNramp1-SL, all the SL sequences from three independent clones
of PmNramp1 have the same sequence. For PmNramp2-SL1 and PmNramp2-SL2, two different SL sequences with a deletion in one of them were
obtained from three independent clones. For PmNramp3-SL1, PmNramp3-SL2, and PmNramp2-SL3, three SL sequences with either deletion or

nucleotide substitution were identified at 5’ ends of PmNramp3 mRNA.

P. marinus RNA was used to obtain the full-length cDNAs
encoded by these novel Nramp genes, hereafter designated
PmNramp2 (GenBank accession number EU589239) and PmNramp3.
The first in-frame initiator methionine codon at position 37 of
the PmNramp2 cDNA sequence was followed by a 1947-nucleotide
coding DNA sequence (CDS) encoding a putative protein of 649
amino acid residues with a predicted relative molecular mass of
70.5 kDa. The PmNramp3 cDNA was 1726 bp long, with a 1677
bp CDS encoding a putative protein of 559 amino acid residues
with a predicted relative molecular mass of 60.0 kDa. No
canonical polyadenylation signals were identified in PmNramp2
or PmNramp3. Alignment of the cDNA and genomic sequences
revealed seven exons interrupted by six introns in PmNramp2
(Figure 1B). Most of the exon—intron boundaries were char-
acterized by the canonical splicing signal (GT/AG) with the
exception of a noncanonical 3’ donor site in PmNramp2 intron 3
(GT/GC). The translational start codon was within the first
exon, and the termination codon (TGA) was located in exon 7,
which has a 3’ untranslated region (UTR) more than 1 kb long.
PmNramp3 has 14 exons interrupted by 13 introns, and the start
and stop codons are located in the first and last exons, respec-
tively. The exon—intron organization of PmNramp?2 is similar to
that of PmNrampl, which contains eight exons (Figure 1B),
instead of the seven reported in a previous study.*’

Pairwise amino acid sequence alignment of PmNramp2 and
PmNramp3 with human Nramp2 (GenBank accession number
BAA24933) and PmNrampl (GenBank accession number
AAQ94879) showed that human Nramp2 is 36, 32, and 34%
identical to PmNrampl, PmNramp2, and PmNramp3, respec-
tively. Among the three PmNramp isotypes, PmNrampl and
PmNramp2 display the highest levels of identity in both amino
acids (51%) and nucleotides (54%). Such a low level of nucleo-
tide identity (44—54%) among the three isotypes can explain

that PmNramp2 and PmNramp3 were not detected in Southern
blots using PmNramp]1 probes at high stringency.*

Trans Splicing of PmNramp1—3 mRNAs. No information
about regulation of gene expression is yet available for P. marinus,
and no clear TATA box has been identified in any of the genes
characterized to date.">'®** However, the 100 bp upstream of
the transcription starting point was enough to drive transcription
of PmMOE, a gene selected for the development of a P. marinus
transfection system."> The recent report of a trans splicing leader
in dinoflagellates also indicated that P. marinus and Perkinsus
chesapeaki cDNAs are trans spliced.*® In dinoflagellates, nuclear-
encoded mRNAs are trans spliced by addition to the 5’ end
of a 22-nucleotide conserved splicing leader (SL) of sequence
DCCGTAGCCATTTTGGCTCAAG (D =T, A, or G).* Analysis
of the 5 cDNA sequences of PmNramp2 and PmNramp3
revealed a 20-nucleotide stretch that was absent in the PmNramp2
and PmNramp3 genomic vicinities (Figure 2A). Re-examination
of the §' sequence of PmNramp1® revealed the same feature
(Figure 2A). A fairly good match occurs in the alignment of the
S’ end of the PmNramp mRNA with the SL consensus sequence
from dinoflagellates (Figure 2B), indicating that the mRNAs
of all three P. marinus Nramp genes are trans spliced with a con-
served SL.

SL trans splicing has been documented in a limited but diverse
number of eukaryotes, in which this process makes it possible to
translate polycistronically transcribed nuclear genes. Trans spli-
cing has been detected in nematodes, platyhelminths, cnidarians,
rotifers, ascidians, appendicularians, and dinoﬂagellates.49 In
Trypanosoma spp., all genes are trans spliced®® and the SL is a
conserved 35-nucleotide stretch. Comparison of genomic DNA
and cDNA of PmNramp isotypes revealed that at the junction
between the SL sequence and the ' UTR of PmNramp, the
genomic DNA sequence bears the dinucleotide AG (Figure 2B),
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consistent with the canonical cis and trans splicing acceptor
boundary, apparently serving as the acceptor site of SL.*’ In
dinoflagellates, a conserved “CGTGTGC” sequence was identified
immediately upstream of the 3’ acceptor splice site AG of the genes
analyzed.*® However, no such conserved sequence is found in any
of the three PmNramp isotypes. Interestingly, the SL sequences
from both PmNramp2 and PmNramp3 isotypes carry a thymidine
deletion at the same position (Figure 2B). The presence of the
predicted trans splicing leader in all PmNramp cDNAs indicates
that these genes may be transcribed polycistronically and consti-
tutively. In Trypanosoma, constitutive transcription of all the genes
makes RNA interference (RNAi) an important avenue for
regulation of the parasite gene expression, as well as a widely
used knockdown technique in Trypanosoma research.” In the
P. marinus genome databases, some components of the RNAi
machinery have been identified by BLAST, indicating possible
regulation of constitutive gene expression through RNAi.

All three PmNramp isotype mRNAs lack known regulatory
nucleotide sequence motifs [e.g., iron responsive element (IRE) ]
and are detected in trophozoites cultured under standard condi-
tions. Therefore, because PmNramp transcript levels did not
change under conditions of iron overload, iron depletion, and
challenge with oyster serum, we favor the possibility that like
other P. marinus genes with trans spliced leaders such as SOD and
APX (data not shown), the PmNramp proteins are subject to
post-translational regulatory mechanisms. In yeast, the three
prototype Nramp isotypes are regulated differently: while the
vacuolar iron transporter Smf3 is controlled at the transcriptional
level,*” the manganese transporter Smfl and Smf2 proteins are
constitutively expressed and trafficked to either degradation or
secretory pathways depending on manganese availability and the
protein Bsd2,>® following a mechanism reminiscent of Ndfip1-
dependent regulation of human Nramp2/DMT1 expression via
ubiquitination by Nedd4 family members of the HECT ubiquitin
ligase family (E3°*). Ndfipl and WWP2 target DMT1 for
ubiquitin-dependent degradation similar to Bsd2p/RspSp-
mediated de§radation of Smf1/2p in yeast.>> The mechanism
by which Me*" (Mn or Fe) is sensed through Bsd2p and Ndfip1
remains to be determined.>® Acquisition of iron and other vital
divalent cations is crucial for P. marinus, as well as avoiding metal
poisoning. Therefore, constitutive expression of PmNramp mRNA
either ready for protein synthesis or constitutively translated and
regulated post-translationally in a metal-dependent manner
would allow an immediate response to metal requirements.
Further, on the basis of querying the P. marinus genome with
Chlamydomonas reinhardtii ferritin sequences (GenBank accession
numbers AF503338 and EU223296), P. marinus may express one
or two ferritins, consistent with the ability to metabolize and
store the incorporated iron.

Functional Features Predicted from Protein Sequence
Structural Modeling Analysis. Genetic studies using prokar-
yotic and eukaryotic Slc11 homologues and various topological
reporters have yielded a consensus transmembrane topology that
places both ends of the Slc11 hydrophobic core (TMS1—10) on
the cytoplasmic side of the membrane, though some extramem-
branous loops still remain to be tested experimentally.>> A
multiple-Nramp sequence alignment (Figure 3) shows residue
conservation predominantly in the Slc11 hydrophobic core and
invariant residues forming clusters in areas corresponding to
TMS1—10. This precise structural conservation suggests that
like the human equivalents, PmNramps may function as divalent
cation transporters.

The predicted Slc11 global transmembrane topology also fits a
three-dimensional fold (LeuT or Slc6),>*°%%7 which is conserved
among apparently distant families of Na*- or H'-dependent
transporters showing less than 15% overall amino acid sequence
identity (SlcS or Mhp1 and S1c7).°%% Slc11 comparative model-
ing was initially performed by threading sequences onto the
LeuT structure representative of Na*-coupled amino acid trans-
porters (Slc6), and the Escherichia coli MntH model was tested
both functionally and topologically using several Slc11-specific
mutants.>* Because a low-level sequence relationship imparts
moderate structural accuracy, we searched for indications of the
functional significance of the models produced by additional
threading using available resources and the ever-expanding
RCSB Protein Data Bank (http://www.rcsb.org/). As novel
structures determined for members of apparently unrelated
families of cation-driven transporters revealed the conservation
of the LeuT architecture,*®’ this approach allowed us to
evaluate consistency levels among various Slc11 models in the
absence of significant sequence similarity.

The similar structures of transporters Mhpl, LeuT, vSGLT,
and ApcT represent discrete steps in a “gated-pore” transport
cycle common to diverse families of cation-driven carriers: (1) open
to out, (2) open to out and “occluded” by substrate and closure
off from external bulk water, and (3) open to in.’**” Additional
crystal structures indicated that this common architecture was
probably not preserved by use of a common cation-motive force
for transport, because both Na'- or H'-dependent and -inde-
pendent carriers altogether share the same 3D 01‘ganization.56759
Instead, the presence of equivalent residues that replace a given
cation functionally was reported among various structures.’®*”
In fact, such a structurally conserved LeuT fold has been
proposed as testimony to the functional importance of the
carrier-inverted symmetry, with two five-TMS repeats assembled
in antiparallel orientations that place cosubstrate binding sites at
the apex of a cavity formed in part by TMSI, -3, -6, and -8.
Internal 3D symmetry may have allowed sequence divergence to
adapt this scaffold for uptake of various substrates using distinct
forms of energy (electrochemical gradients of Na*, H', or other
cosubstrates®’). Indeed, using structure-based sequence align-
ment and independent phylogenetic and clustering approaches,
homology was demonstrated among the families known to share
the LeuT fold (SIcS, -6, -7, and -38, NCS1, and BCCT) but
not those displaying other structurally inverted symmetries [Clc
channels or Amt (Slc42) carriers®']. Slc11 carriers also clustered
with the LeuT superfamily in these analyses, implying thus
remote structural homology.61

Fittingly, the two Slcl1-specific triplets, Asp-Pro-Gly (TMS1)
and Met-Pro-His (TMS6), were predicted to occupy the central
position and, together with segments of TMS3 and TMS8, to form
part of a three-dimensional arrangement mediating directional
cation symport.***” The TMS1 DPG peptide contributes to proton-
binding and -motive force, shown by the loss of H" uptake in E. coli
MntH Asp>* mutants, while TMS6 residues MPH participate in pH-
dependent regulation consistent with the requirement for E. coli
MntH His”"' for Cd*" uptake at neutral pH. These two Slcl1-
invariant sites were accessible in situ to fluorescein-maleimide and
N-ethylmaleimide, respectively, while three others were not, corre-
sponding to transmembrane Asn residues that could mediate
interhelix interactions key for transport.** Hence, both the Slc11
global transmembrane topology established using distant relatives
and in situ accessibility of Slc11-specific functional residues fit the 3D
LeuT fold and support homology inference.
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Figure 3. Multiple-sequence alignment of deduced amino acid sequences of PmNrampl, PmNramp2, and PmNramp3 with human Nramp2

(HsNramp2). The alignment was generated using Mega 4.0*° and displayed with GeneDoc.*®

Identical residues are highlighted at three cutoffs (50, 75,

and 100%). The TMS predicted by homologous modeling are spanned by black lines and numbered 1—12. The previously described PmNramp
“conserved transport motif”, now predicted as part of TMS8, is indicated by a dashed line. Arrows represent the exon boundaries in the protein sequence,

with the number indicating corresponding PmNramp isotype number.

Moreover, the Slc11 TMS6 His residue from the MPH triplet
represents a predicted rate shlft upon comparison of the Nramp
family either to its outgroup®® or to the divergent subgroup Nrat1
(Flgure S1 of the Supporting Information) recently described in
plants.%* Nrat1 is unable to complement the ferrous iron uptake-
deficient yeast strain (fet3fet4) because it transports trivalent
metals instead of divalent metals.”> As Nratl emerged before
diversification of monocots (grasses; http://www.phytozome.
net), we could evaluate site-specific sequence divergence;*>**
likelihood ratio test analyses indicated that all three PmNramps
share a conserved pattern of residues that distinguishes bona fide
members of the Nramp family (Me”* carriers) from members of
the divergent subgroup of Nrat1 that carry Me®*. Nratl TMS6
was the most divergent, with two predicted type II rate shifts
matching the Nramp functional signature MPH (changed for
TPY); TMS], -3, -5, -7, and -8 also contained sites possibly
contributing to Nrat1's functional preference for trivalent cations
(Figure S1 of the Supporting Information). More generally, the
Nramp versus Nratl sequence comparison shows candidate rate-
shifted sites in pairs of TMS predicted to be symmetric [TMS1
and TMS6, and TMS3 and TMS8 (Figure S1 of the Supporting
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Information)] and central to substrate uptake according to LeuT
homology modeling.

Figure 4 shows the best models obtained by threading
PmNramp] sequence on available PDB templates, which detail
potential alternating conformational states presumed to affect
PmNrampl TMS], -3, -6, and -8 during metal uptake activity,
based on the determined structures of Mhpl and vSGLT. An
open-to-out conformation would allow cation cosubstrates to
reach their translocation site, approximately in the middle of the
plasma membrane, involving the Slc11-specific residues Asp-Pro-
Gly (TMS1) and Met-Pro-His (TMS6) as well as other residues
from TMS3 and -8, and possibly also TMS2 and -7. After
PmNramp]l isomerization, an open-to-in conformation would
allow the release on the other side of the membrane of the driving
cation and Me>* substrate. As depicted in Figure 3, clusters of
residues invariant among PmNramps are found along these TMS
predicted to line the central transmembrane aqueous transloca-
tion pathway (TMSI, -3, -6, and -8). By contrast to the di-
vergence of plant Nrat1 toward the AI** substrate that involved
site-specific variations in these TMS (Figure S1 of the Supporting
Information), local sequence conservation among PmNramp
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Figure 4. Hypothetical model for transmembrane symport of divalent metals and protons via PmNramp1. A short version of PmNramp1 (Pm1_NCD,
485 residues; >*VKFSF..EDLMG>**) was used to generate alignments that mapped PmNramp]1 residues to homologous sites on candidate template
crystal structures using the algorithm Muster.>® The models were derived from Microbacterium liquefaciens nucleobase-cation symportl transporter, in an

open-to-out conformation (A) R

or from Vibrio parahemolyticus sodium/galactose symporter, in an open-to-in conformation (B).***” Two views are

presented for each model as indicated, one from the external surface (outside) and one parallel to the membrane with TMS4 and -9 in front (45° and 90°
rotations). For each view, either the 485-residue continuous structure is shown or that corresponding only to the residues that constitute TMS1, -3, -6,
and -8 is shown. The symmetric extended tripeptides DPG and MPH that connect the half-helices 1a and 1b and half-helices 6a and 6b are colored red
and magenta, respectively. A possible pathway of metal and proton symport through alternating access is outlined.

TMS1, -3, -6, and -8 suggests a key functional role in Me**
uptake.

The sequence of the conserved transport motif [indicated with
a dashed line (Figure 3)] is now predicted as being integral to
TMSS in the three-dimensional Slc11 model structure obtained
by threading.>**® Such a conserved transport motif was initially
proposed to form a cytoplasmic re-entrant loop, situated im-
mediately downstream of a shorter TMS8, and predicted to
contribute to cation selection by analogy with the “pore region”
of K* channels and glutamate and GABA transporters.®® This
suggestion was re-evaluated because (i) the pore region of the
GABA and serotonin transporters corresponds in fact to the
TMSS8 in LeuT-based models®®®” and (ii) indeed the GABA
transporter pore region was demonstrated experimentally to
form a transmembrane helix lining the aqueous translocation
pathway.® Again, though such TMS8 deduced from LeuT
homology modeling showed likely rate-shifted sites in sequence
comparisons between Slc11 carriers and members of either its
outgroup or the Nratl variant subgroup61 (Figure S1 of the
Supporting Information), the high level of sequence conserva-
tion observed among PmNramp TMS8 (Figure 3) is consistent
with a key functional role in Slc11 Me”" transport.

Sequence divergence among PmNramp homologues corre-
sponds predominantly to regions thought to be extramembranous
(Figure 3), which can nevertheless harbor site-specific signals for
protein localization and/or turnover. Distinct Lys residues in the
yeast Smflp N-terminal hydrophilic sequence are targeted for
RspSp-dependent ubiquitination to promote endocytosis in re-
sponse to external cadmium® and to toxic manga.nese.é9 These
observations suggest that divergent sequences among PmNramp
extramembranous regions may still contain residues useful for
post-translational regulation of expression, subcellular localiza-

tion, and trafficking of PmNramps in response to environmental
metals.

Phylogenetic Analysis. For phylotypes PmNramp2 and
PmNramp3, detailed analyses were performed using a set of
sequences representative of eukaryotic Nramp diversity (Figure
S2 and Table S4 of the Supporting Information). Data were
summarized with the linearized phylogenetic tree presented in
Figure S, showing key nodes supported by high bootstrap values
obtained with different methods. The P. marinus Nramp sequences
(PmNramp1—3) form a moderately tight set among other homo-
logues that together constitute Nramp archetype subgroup IL

Phylotyping Slc11 homologues suggests several steps in the
evolution of Slc11 function: from remote homology with so-
dium- or proton-motive substrate symporters to metal nutrition
in bacteria (Outgroup > MntH B > MntH A) and to eukaryotic
cell defense and functions (MntH A > eukaryotic outparologs:
proto-/archetype Nramp) as well as further bacterial adaptation
(prototype Nramp > MntH Ca, Cf3, Cy). Eukaryotic Nramp
homologues were found in bikonts (plants and chromoalveolates)
and unikonts (amebozoans, fungi, and animals).*>”® Nramp
archetype subgroup I was found only in monocot and eudicot
plants, and it contained the ancestor of Nratl variants.®® Proto-
type Nramps were restricted to amebozoans and fungi, green or
red algae, and lower plants, e.g., bryophytes, implying selective
loss of this isoform in animals and higher plants, as well as in
chromoalveolates. Close relationships between some bacterial
MntH C and eukaryotic prototype Nramp homologues, and
among MntH C groups irrespective of bacterial phylogeny,
indicate transfer toward bacteria of a eukaryotic prototype gene
from an unidentified source.”’

The three PmNramps appear as fairly close relatives of animal
and higher-plant Nramp, like homologues found in most other
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Figure S. Simplified phylogeny of PmNramp1—3. The consensus tree
presented was obtained using Mega 4.0;° it was linearized by assuming an
equal evolutionary rate among lineages** and drawn to scale by calibration
using a time of divergence between Nrampl and -2 of 350 million years
ago.” Phylogeny was inferred using a set of 340 parsimony-informative
sites derived from full-length sequence initially aligned with the Muscle
algorithm; the minimum evolution method was implemented on the basis
of distances computed using the Equal Input a.a substitution model®® and
considering both differences in the composition bias among sequences
and rate variation among sites modeled with a gamma distribution (shape
parameter = 1.41). The percentages (>50%) of replicate tree nodes
inferred from 3000 bootstrap samplings are indicated, while less repro-
ducible partitions were collapsed. Percentage replicates of the main nodes
(divergence of proto- and archetype Nramp; archetype I and II Nramp)
obtained by other approaches are also indicated [maximum parsimony
and maximum likelihood (Figure S2B,C of the Supporting Information)].
The nonlinearized version of this phylogenetic reconstruction is presented
in Figure S6A of the Supporting Information, together with those
produced by other approaches (Figure S6B,C of the Supporting In-
formation) as well as using full-length sequences (Figure S6D,E of the
Supporting Information). The following SLC11 phylogroups (bold) and
full names of the organisms (italics) were included in this analysis:
Outgroup, CellO, Cellulophaga; MntH B, CacetB, Clostridium acetobuty-
licum, CtepiB, Chlorobium tepidum; Prototype Nramp, ScSmfl—3,
S. cerevisiae, LbicNR1, Laccaria bicolor, RoNR1a, Rhizopus oryzae, BdenNR1,
Batrachochytrium dendrobatidis, CreNR, Chlamydomonas reinhardtii,
PhysNR1, Physcomitrella patens, DANRI, Dictyostelium discoideum,
CmNR1, Cyanidioschyzon merolae; Archetype Nramp, type I, OsjNR1
and -3, Oryza sativa japonica, TpseNR, Thalassiosira pseudoana,
CmNR2, C. merolae, OtauNR, Ostreococcus tauri; Archetype Nramp,
type II, TtheNR1—3, Tetrahymena thermophila, PblaNR2, Phycomyces
blakesleeanus, PmNR1—3, P. marinus, PsoNR1a, Phytophthora sojae,
DdANR2, D. discoideum, OsjNR2, O. sativa japonica, PhysNR2, Ph. patens,
MbreNR, Monosiga brevicollis, ReniNR, Reniera, NvecNR, Nematostella
vectensis, HsNR1 and -2, Homo sapiens. The distribution of the taxa
sampled is given in Table S2 of the Supporting Information.

chromoalveolate genomes to date, including some stramenopile
species [e.g,, PsoNR1a (Figure S and Table S4 of the Supporting
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Information)], and to a lesser extent those from apicomplexans
and ciliates, which are more divergent [e.g,, Tthel—3 (Figure 3
and Figure S2 of the Supporting Information)]. Hence, the
PmNramp sequences do not segregate with those of alveolatan
relatives, as would be expected from the commonly accepted
rRNA-based phylogeny that places dinoflagellates and apicom-
plexans as sister groups and ciliates diverging more basally;”' "
this result may be a consequence of variations in DNA main-
tenance and overall GC percent, which is low in both ciliates and
apicomplexans. Also, the extent of divergence among PmNramp
polypeptides (e.g, PmNramp3) compared to other unicellular
organisms that possess multiple Nramp genes indicated that
PmNramps were more divergent than T. thermophila Nramps
in various phylogenetic trees [longer branches for PmNramp
homologues (Figure 3 and Figure S2 of the Supporting In-
formation)] and resembled in this respect yeast Smfps, suggest-
ing perhaps some biological significance.

Molecular Evolutionary Gene Analyses. To address the
possibility that PmNramp3 diverged functionally, PmNramp
sequence variations were examined further. With regard to the
closely related PmNrampl and PmNramp2 genes, the relative
abundance of synonymous and nonsynonymous substitutions in
codon-by-codon pairwise sequence comparisons showed purify-
ing selection [ds — diy = 5.45 (p = 0.000) for pairwise deletion;
ds — dn = 6.056 (p = 0.000) for complete deletion]. Tajima’s test
of the relative rate of exchange between aligned sequences
supported the molecular clock hypothesis, ie., similar evolu-
tionary rates for PmNramp1 and PmNramp2 genes [y test values
0f 0.89 (p = 0.346) for nucleotide sequences and 0.11 (p = 0.745)
for amino acid sequences]. Lastly, per site substitution patterns
among aligned sequences were homogeneous, for both protein
and nucleotide sequences [disparity indices of null and <0.260,
respectively (p > 0.1)]. Thus, PmNrampl and PmNramp2 gene
sequences are homogeneous and evolve at similar rates under
purifying selection that favors synonymous substitutions.

In contrast, comparison of the PmNamp3 sequence with that
of PmNampl or PmNamp2 showed a similar abundance of
synonymous and nonsynonymous substitutions, indicating
rather neutral evolution. Also, we detected unequal evolutionary
rates between PmNamp3 and PmNampl or PmNamp2 gene
sequences [y~ test value of 57.56 (p=0.000) or 71.87 (p = 0.000),
respectively] and large numbers of unique transitions and
transversions for the PmNamp3 sequence (133 and 210, re-
spectively) relativel to PmNrampl (86 and 85, respectively) or
PmNramp2 (77 and 77, respectively). PmNramp3 protein had a
distinct rate of evolution compared to PmNramp1 or -2 [y test
value of 30.83 (p = 0.000) or 27.61 (p = 0.000), respectively], and
we measured the heterogeneous pattern of substitution per site
by comparing PmNramp3 and PmNramp2 protein sequences
[disparity index of 0.449 (p = 0.019)].

To demonstrate that PmNramp gene diversity reflects accel-
erated evolution in areas of the molecule otherwise noncon-
served, we conducted detection of regions under evolutionary
selection (Figure S3 of the Supporting Information) using a
sliding window to calculate dN/dS variations and a Java Codon
Delimited Alignment and Phylogenetic Analysis using Maximum
Likelihood (JCoDA and PAML).*"** As expected, little evidence
of potential positive selection was obtained, and superposing the
results of sliding window analysis and predicted transmembrane
topology showed they were mostly confined to nonmembranous
parts of PmNramps (Figure S3 of the Supporting Information).
Site-specific likelihood ratio test (LRT) analyses further confirmed
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discrete classes of sites along the aligned PmNramps but failed to
detect evidence of positive selection (in both M1la vs M2a and
M7 vs M8 models),""** thus indicating that PmNramp genes are
essentially subjected to strong purifying selection.

Thus, the significant divergence among PmNramp parologs
was not related to the diversification of critical functional
elements, which remained constrained by purifying selection,
but seems to rather affect extramembranous determinants of
protein expression, localization, and trafficking. Our results
suggest that PmNramp genes evolved by successive duplications
of PmNramp2, first yielding PmNramp3 and more recently
PmNramp]. This interpretation is further supported by the fact
that PmNrampl and PmNramp2 are highly similar in terms of
exon—intron splicing site distribution, while PmNramp3 displays
a distinct pattern of splice site distribution as shown by arrows in
Figure 3.

Functional Analysis of PmNramp Isotypes by Yeast Com-
plementation. To test whether PmNramp isotypes transport
Fe?*, cDNAs of the three PmNramp homologues tagged with an
HA epitope were cloned in expression vector pFL61 and used to
transform iron transport mutant yeast strain DEY 1453 (fet3fet4).
This mutant grows poorly on media with low iron concentrations
because the high-affinity (fet3) and low-affinity (fet4) Fe®"
transporters have been disrupted.*® Prior to the complementa-
tion assay, PmNrampl was confirmed to be both transcribed and
translated in the transformed yeast (Figure 6A). Yeast expressing
PmNramp] grew better than yeast containing the empty cloning
vector on media either lacking or supplemented with 2 M FeCl;
(Figure 6B). The growth curves of yeast transformed with
PmNramp] entered the exponential growth phase much earlier
than cells transformed with the pFL61 vector alone (Figure 6C),
thereby demonstrating the function of PmNrampl as a divalent
cation transporter in the uptake of exogenous iron. Although we
have previously shown that iron is important for the growth and
survival of P. marinus,®® this is the first functional characteriza-
tion of an iron uptake pathway in this parasite.

Neither PmNramp3 nor PmNramp2 complemented the
mutant yeast under conditions suitable for PmNrampl activity.
PmNramp2 was not transcribed in the transformed yeast (Figure
S4A of the Supporting Information), thereby providing a ratio-
nale for the lack of complementation of the mutant. In contrast,
the PmNramp3 protein was expressed in the transformed yeast,
although at a level lower than that of PmNramp1 (Figure S4A of
the Supporting Information). Thus, the lack of iron uptake in the
mutant yeast transformed with PmNramp3 (Figure S4B,C of the
Supporting Information) could be due to lower level of expres-
sion or localization in subcellular compartments other than the
plasma membrane. Because the N- and C-termini are the most
divergent parts of PmNramp (Figure 3 and Figure S3 of the
Supporting Information) and because swapping of the N- and
C-termini of Nramp2 with Smflp improved heterologues of
the yeast protein in Xenopus oocytes,”””> we applied a similar
strategy by inserting PmNramp2 and -3 hydrophobic core
between the N- and C-termini of PmNramp1 (Figure SS of the
Supporting Information). Inmunofluorescence staining of yeast
cells transformed with chimeric PmNramp3 showed peripheral
localizations (Figure 7A). The resulting chimeric PmNramp3
showed significant complementation activity in both solid and
liquid medium (Figure 7B,C), while chimeric PmNramp2, like its
native counterpart, was still not expressed in the transformed
yeast mutant (data not shown). In this regard, we noted that the
PmNramp2 sequence diverged specifically in a few areas of the

hydrophobic core [e.g, PmNramp2-specific sequence under-
lined (see Figure 3 and Figure S3 of the Supporting In-
formation), RVSNI in TMS3, MRVM in TMSS, ELVGI in
TMS6, and EFVKQ_in TMS7, also FALNR in TMS11], which
might contribute to the impairment of PmNramp2 heterologous
expression. Nevertheless, the fact that both PmNrampl and
PmNramp3 can function as iron transporters is consistent with
the selective preservation of critical TM functional elements
among PmNramp parologs as revealed by our molecular evolu-
tion analyses.

To examine the specificity of PmNramp1 in cation transport,
we tested its ability to complement the yeast mutant smfIsmf2
that has less ability to acquire manganese and cannot grow in the
presence of low EGTA concentrations. No significant growth
was detected in minimal medium with 1.5 and 2.25 mM EGTA.
Addition of manganese to the EGTA-containing medium failed
to promote growth of mutant yeast transformed with the
PmNramp isotypes, in contrast with the Smflp-complemented
yeast (Figure S7A of the Supporting Information). Another
phenotype of the smflsmf2 mutant is poor growth under alkaline
conditions due to the lack of manganese acquisition. While the
mutant transformed with the PmNramp isotypes did not show
any improved growth at pH 7.9, Smf1 could rescue yeast growth
under the same conditions (Figure S7B of the Supporting
Information). The results show that PmNrampl did not trans-
port manganese under the conditions tested. Although manga-
nese is required for the activity of many enzymes, including
certain sugar transferases,76 and is a cofactor for SOD in some
organisms,”” it does not display the functional versatility of iron.
Some Nramp homologues, including mouse Nramp1 and Nramp2,
as well as plant Nramp homologues are effective in transporting
both iron and manganese, while S. cerevisiae Nrams) homologues
Smfl and Smf2 may prefer manganese over iron.”*”* " Given
their phylogenetic position, it seems possible that PmNrampl
and -3 can transport Mn and using the yeast smfI sodl double
mutant strain that requires Mn to survive>> could facilitate
the detection of PmNramp-dependent Mn import. Additional
studies optimizing the heterologous expression level and intra-
cellular targeting or using more quantitative approaches will
be required to determine whether PmNramp1 cation transport
specificity is restricted relative to the examples described
above or include Mn as well. It is noteworthy that a search of
potential manganese transporters in the P. marinus genome
revealed a potential homologue of the yeast low-affinity manga-
nese transporter PHO84, suggesting an alternative mechanism
for manganese uptake in Perkinsus.

Site-Directed Mutagenesis of PmNramp1 Predicted Func-
tional Residues. A multiple-structure superposition of the X-ray
structures of five cation-driven transporters with inverted sym-
metry was obtained, allowing flexibilities to take into account the
distinct geometries that correspond to different conformations in
the conserved transport cycle: two open to out, one occluded
from both sides, and two open to in (Mhp1, LeuT, BetP, SGLT1,
and ApcT, respectively). Though these structures represent
distant families of transporters, superposition demonstrates re-
markable spatial conservation: a common core spanning ~200
equivalent positions (e.p.) and a 3.4 A overall root-mean-square
deviation (rmsd). The rmsd is not distributed homogeneously
along the 10-TMS hydrophobic core; for instance, TMSI
exhibits remarkable 3D conservation, while the structure of TMS6
apparently evolved with fewer constraints (Figure 84, left panel).
It seems there is a functional correlate as LeuT (Slc6) TMSI
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Figure 6. PmNrampl complements yeast fet3fet4 iron deficiency. S. cerevisiae strain fet3fet4 was transformed with the pFL61 expression plasmid along
with pFL61 containing full-length cDNA for PmNramp1 tagged with the HA epitope or positive control AHIRT1. (A) Expression of PmNrampl in yeast.
Genomic DNA (gDNA) extracted from yeast transformed with PmNrampl (lane 1) or pFL61 (lane 2) was used as a template in PCR to confirm the
presence of the PmNramp1-containing vector in yeast cells; RT-PCR was performed to check the expression of PmNrampl mRNA in yeast (lane 3).
Enriched membrane fractions were prepared from yeast transformed with PmNramp] (lane 4) or pFL61 (lane 5), separated by 12% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, and analyzed by immunoblotting with the anti-HA high-affinity 3F10 antibody conjugated with biotin and
strepatavidin conjugated with horseradish peroxidase. The positions of reference molecular mass markers are indicated to the left of the immunoblot.
(B and C) Functional analysis of PmNramp1 activity in yeast cells. (B) Growth of PmNrampl, AtIRT1, and negative control (pFL61) transformed
fet3fet4 serially diluted cells after S days at 30 °C on SD medium supplemented with 50, 20, or 0 uM FeCl,. (C) Growth in liquid SD medium

supplemented with 20 M FeCl,.

interacts with both the driving cation (dark blue sticks) and
substrate (orange sticks), and TMS6 binds only the substrate
(orange sticks). One speculation is that TMS6 evolved in relation
to different substrate geometries and TMS1 coupled the cation-
driving force and substrate translocation pathway. The triplets
targeted for mutagenesis represent candidate substrate binding
contacts on both TMS1 (DPG, Mut1 and -2) and TMS6 (MPH,
Mut3 and -4).

Mutation of the targeted amino acids in TMS1 and TMS6
abrogated PmNrampl iron uptake activity in yeast mutant
fet3fet4. The loss of complementation resulted from both single
and double mutations on each of the TMS (Figure 8C,D).
Inspection of protein expression levels of the mutants tested

showed that mutations in TMS1 significantly reduced the level of
PmNramp] expression in yeast, while mutations in TMS6 pre-
served PmNramp1 heterologous expression levels (Figure 84,
right panel). Although the equivalent TMS1 mutants in the E. coli
MntH or mouse Nramp?2 are efficiently expressed in the homo-
logous cells and demonstrate impaired transport activity, when
introduced in yeast, the mouse Nramp2 D86A mutant exhibits a
drastically reduced level of expression.”" This suggests that muta-
tions in TMS1 may have more impact on Nramp expression in
heterologous expression systems than in the homologous cells. The
use of knockdown approaches® together with the transformation
methodology we recently developed" should allow further
detailed functional studies in the homologous Perkinsus cells to
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escence staining of yeast cells transformed with chimeric PmNramp3. PmNramp3 protein was detected by mouse anti-HA monoclonal antibody and
anti-mouse IgG conjugated with fluorescein isothiocyanate. The positions of nuclei were revealed by DAPI staining. (B) Growth of serially diluted cells
transformed with PmNramp1 and PmNramp3 after domain swapping (PmNramp 1swap and PmNramp3swap, respectively) after S days at 30 °C on SD
medium supplemented with S0, 20, or 0 uM FeCl;. (C) Growth in liquid SD medium supplemented with 20 M FeCls.

determine rigorously whether mutations in TMS1 can impair
metal transport without affecting protein expression. PmNramp1
mutants with mutations in TMS6 were expressed at levels similar
to that of wild-type PmNramp1 (Figure 84, top right panel), and
immunofluorescence staining revealed no change in localization
of the mutant PmNrampl in yeast cells (Figure 8B).

The results from our functional studies buttress the relevance
of the TMS 1 and -6 predicted to exert pseudosymmetric roles in
substrate transport. The exquisite sensitivity of TMS1 to muta-
genesis is demonstrated by a reduced level of protein expression
and the loss of transport activity after mutations considered
biochemically conservative (Asp76Glu and Gly78Ala), and the
results support a possible direct role of TMS6 residues in
substrate binding, notably the Slcl1-specific TMS6 His that is

required for divalent metal uptake. Experimental data are also in
line with our observations that Slc11 TMS6 triplet MPH changed
repeatedly during evolution, from the outgroup to the Slcll
family and from Slc11 archetype I to the Nrat1 variant (ref 61 and
Figure S1 of the Supporting Information). Together, our results
fit a pseudosymmetric 3D model for Slc11 with critical structural
constraints exerted on TMS1 and TMS6 substrate binding
activity. These results provide novel functional evidence support-
ing the LeuT 3D model for the Slc11 family that is based on
remote homology with cation-driven transporters with inverted
symmetry.

The functional data reinforce the proposed PmNrampl
homologous structural model and, together with the molecular
evolutionary gene analyses indicating that the hydrophobic core
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Figure 8. PmNrampl TMS6 predicted key residues are required for Fe" uptake. (A) The top left panel shows a view of superimposed TMS1 and
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positions of the sites, which were targeted for PmNrampl mutagenesis. (B) Immunofluorescence staining of yeast cells transformed with
PmNramp1TMS6 mutants. PmNrampl protein was detected with the mouse anti-HA monoclonal antibody and anti-mouse IgG conjugated with
IFTC. The positions of nuclei were revealed by DAPI staining. (C) Growth of serially diluted cells transformed with PmNramp1 with mutations at
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supplemented with 20 4M FeCl; (right). (D) Growth of serially diluted cells transformed with PmNramp1 with mutations at TMS6 after S days at 30 °C
on SD medium supplemented with 50, 20, or 0 uM FeCl; (left). Growth of TMS6 mutants in liquid medium supplemented with 20 uM FeCl; (Mutl,

Asp76Glu; Mut2, Gly78Ala; Mutl&2, Asp76Glu/Gly78Ala; Mut3, Met250Ala; Mut 4, His252Tyr; Mut3&4, Met250Ala/His252Tyr) (right).

of PmNramp paralogs remained constrained by purifying selec-
tion, suggest that PmNramps function as proton-dependent
transporters of divalent iron. Although PmNrampl failed to
transport manganese under the conditions tested, because most
Slc11 homologues exhibit relatively low selectivity for divalent
metals, it is possible that PmNramps can transport other metals.
Constitutive mRNA expression of PmNrampl—3 in tropho-
zoites in vitro and extensive protein sequence variation in
extramembranous regions raise the possibility of dynamic
post-translational control of expression, location, and turnover
of PmNramps. One possible scenario is that PmNramp1 might
function as the prominent isotype for uptake of exogenous iron
into the parasite cells, whereas PmNramp2 and PmNramp3
could function downstream of PmNrampl for intracellular iron
trafficking in relocation and storage. The key finding that
PmNrampl functions in uptake of exogenous iron provides
the molecular and biochemical basis for prior observations of

the effect of environmental iron in enhancing infection pre-
valence and intensity, promoting parasite proliferation, and
upregulating expression of virulence factors such as PmSODI.
The identification of PmNrampl as a possible mediator of
parasite virulence opens new avenues for exploring novel
strategies of intervention. Further, because of the basal phylo-
genetic position of P. marinus within the Alveolata,®' the structural
and functional characterization of the multiple PmNramp iso-
types will significantly contribute to an improved understand-
ing of metal acquisition mechanisms in intracellular protozoan
parasites.

B ASSOCIATED CONTENT

© Supporting Information. Additional phylogenetic ana-
lyses, sequence alignments, and a list of primers. This material is
available free of charge via the Internet at http://pubs.acs.org.
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