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Abstract 

Background: Plasmodium species are entirely dependent upon their host as a source of essential iron. Although it 
is an indispensable micronutrient, oxidation of excess ferrous iron to the ferric state in the cell cytoplasm can pro-
duce reactive oxygen species that are cytotoxic. The malaria parasite must therefore carefully regulate the processes 
involved in iron acquisition and storage. A 273 amino acid membrane transporter that is a member of the vacuolar 
iron transporter (VIT) family and an orthologue of the yeast  Ca2+-sensitive cross complementer (CCC1) protein plays 
a major role in cytosolic iron detoxification of Plasmodium species and functions in transport of ferrous iron ions into 
the endoplasmic reticulum for storage. While this transporter, termed PfVIT, is not critical for viability of the parasite 
evidence from studies of mice infected with VIT-deficient Plasmodium suggests it could still provide an efficient target 
for chemoprophylactic treatment of malaria. Individual amino acid residues that constitute the  Fe2+ binding site of 
the protein were identified to better understand the structural basis of substrate recognition and binding by PfVIT.

Methods: Using the crystal structure of a recently published plant VIT as a template, a high-quality homology model 
of PfVIT was constructed to identify the amino acid composition of the transporter’s substrate binding site and to act 
as a guide for subsequent mutagenesis studies. To test the effect of mutation of the substrate binding-site residues 
on PfVIT function a yeast complementation assay assessed the ability of overexpressed, recombinant wild type and 
mutant PfVIT to rescue an iron-sensitive deletion strain (ccc1∆) of Saccharomyces cerevisiae yeast from the toxic effects 
of a high concentration of extracellular iron.

Results: The combined in silico and mutagenesis approach identified a methionine residue located within the cyto-
plasmic metal binding domain of the transporter as essential for PfVIT function and provided insight into the struc-
tural basis for the  Fe2+-selectivity of the protein.

Conclusion: The structural model of the metal binding site of PfVIT opens the door for rational design of therapeu-
tics to interfere with iron homeostasis within the malaria parasite.

Keywords: Iron homeostasis, Membrane transporter, Integral membrane protein, Vacuolar iron storage, Cytotoxicity, 
Transition metal cations, Comparative protein modelling, Substrate binding
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Background
Iron is an indispensable micronutrient for almost all spe-
cies in the six kingdoms of life [1]. The unicellular pro-
tozoan parasites that cause malaria are no exception and 
are wholly dependent on their host as a source of the 
vital metal [2]. The redox properties of iron that enable 
it to readily cycle between the predominant ferric  Fe3+ 
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and ferrous  Fe2+ oxidation states underpin biochemical 
reactions that function in a variety of cellular processes 
including those involved in energy production, respira-
tion, and DNA replication [1, 3]. However, those same 
redox properties that have been exploited by organisms 
for beneficial purposes, and that make iron an essential 
constituent of many biological macromolecules, also ren-
der it potentially cytotoxic: oxidation of excess ferrous 
iron to the ferric state in the cell cytoplasm by Fenton/
Haber–Weiss chemistry results in production of reac-
tive oxygen species that are injurious to nucleic acids, 
lipids and proteins [4]. To prevent such cytotoxicity but 
at the same time ensure an adequate supply of essen-
tial iron, cells have evolved integrated mechanisms for 
maintenance of iron homeostasis through a carefully 
choreographed regulation of the systems that control 
iron acquisition and storage [1]. Cellular iron acquisi-
tion is commonly mediated by the activities of membrane 
transporters or receptor-mediated endocytosis [5–7]. 
Most bacteria, archaea, plant and animal cells accom-
plish intracellular iron storage by binding excess cytosolic 
 Fe2+ to ferritin, a protein that oxidises the ferrous iron 
and stores it in an essentially unreactive state [1, 8]. How-
ever, some organisms do not express cytosolic ferritin 
and instead detoxify the cell cytoplasm by storing excess 
iron in vacuoles [1]. In yeast, for example, the movement 
of ferrous ions into the vacuole is facilitated by activity 
of the vacuolar membrane-bound  Ca2+-sensitive cross 
complementer protein, CCC1 [9, 10]. Plants synthesize 
CCC1 homologues—integral membrane polypeptides 
of between 250 and 400 amino acids that belong to the 
vacuolar iron transporter (VIT) family of proteins—that 
localize  Fe2+ to the vacuole [11–19]. Homologues of plant 
VITs have been identified in other eukaryotes (but, sig-
nificantly, not in animals), bacteria and archaea [20]; and 
an orthologue of plant VIT is encoded by the genomes of 
several apicomplexan parasites, including those involved 
in pathogenesis of human disease states such as toxoplas-
mosis, cryptosporidiosis, and malaria [20, 21].

The malaria parasite has evolved a complex life cycle 
that constantly alternates between vertebrate hosts and 
anopheline mosquito vectors. Within human hosts, Plas-
modium species are obligate intracellular parasites that 
transition through three different life cycle stages, includ-
ing liver and erythrocytic stages during which the para-
site must manage potentially toxic concentrations of iron 
[22]. The asexual intra-erythrocytic stage of the parasite 
life cycle offers a particular challenge to iron homeostatic 
processes due to release of labile  Fe2+ into the cell cyto-
sol by proteolytic digestion of host haemoglobin [23] 
and the cytosolic concentration of labile  Fe2+ increases 
as the parasite matures from ring to schizont form [24]. 
A VIT orthologue plays a major role in cytosolic iron 

detoxification of Plasmodium species [21]. Although this 
transporter is not critical for viability of the parasite, and 
it is expressed during all life cycle stages, experiments on 
mice infected with VIT-deficient Plasmodium showed 
a significant reduction in parasite load in both liver and 
blood stages of infection compared to mice infected with 
wild type parasites [21, 25]. These data suggest PfVIT 
could provide an efficient target for chemoprophylactic 
treatment of malaria.

The most virulent malaria parasite of humans [26], 
Plasmodium falciparum, expresses a 273 amino acid, 
~ 31 kDa plant VIT orthologue, named PfVIT, that func-
tions in cytoplasmic iron detoxification by transport of 
ferrous ions, via  Fe2+/H+ exchange, into the endoplasmic 
reticulum [21, 27]. In contrast to plant VITs and yeast 
CCC1, which have broader divalent metal cation speci-
ficity, PfVIT appears to function specifically as a  Fe2+ 
transporter [21, 27]. To better understand the structural 
basis of substrate recognition and binding by PfVIT, the 
individual amino acid residues that constitute the  Fe2+ 
binding site of the protein were identified. This was aided 
by a recently determined x-ray crystal structure of the 
vacuolar iron transporter EgVIT1 from the plant Euca-
lyptus grandis with metal ion substrate bound [28]. Using 
the structure of EgVIT1 as a template, a high-quality 
homology model of PfVIT was constructed to identify 
the amino acid composition of the transporter’s sub-
strate binding site and to act as a guide for subsequent 
mutagenesis studies. To test the effect of mutation of the 
putative substrate binding-site residues on PfVIT func-
tion a yeast complementation assay was used to assess 
the ability of overexpressed, recombinant wild type and 
mutant PfVIT to rescue an iron-sensitive deletion strain 
(ccc1∆) of Saccharomyces cerevisiae from the toxic effects 
of high concentrations of  Fe2+ [9]. This combined in sil-
ico and mutagenesis approach enabled identification of 
individual amino acid residues essential for coordination 
of  Fe2+ to the PfVIT metal binding domain and specula-
tion about the structural basis for the  Fe2+-specificity of 
the transporter.

Methods
All chemicals and reagents were Sigma-Aldrich brand 
purchased from Merck (UK) unless stated otherwise.

Homology modelling
Initially, a number of homology models of PfVIT pro-
tein were built using the automated comparative mod-
elling servers ModWeb [28], SWISS-MODEL [29] and 
I-TASSER [30]. The 273 amino acid primary sequence 
of PfVIT from the 3D7 isolate of P. falciparum (Plas-
moDB ID: PF3D7_1223700) was used as the target input 
and three-dimensional crystal structures of EgVIT1, a 
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234-residue protein from the plant Eucalyptus grandis 
(PDB IDs: 6IU3 and 6IU4) [31], were used as structural 
templates. The best-scoring models from each server 
were selected for further filtering and subjected to addi-
tional validation analyses using PROCHECK [32] and 
WHAT IF [33], and visualized by the PyMOL Molecu-
lar Graphics System, Version 1.8.4.0 (Schrödinger, LLC). 
On the basis of these quality tests, the best-performing 
model was judged as one generated by SWISS-MODEL 
that used the 3.5  Å crystal structure of EgVIT1 (PDB 
code 6IU4) as the template.

A separate model of isolated cytoplasmic metal bind-
ing domain (MBD) of PfVIT, which consisted of 79 resi-
dues (Ala101-Leu179), was generated with MODELLER 
9.24 [34] and the EasyModeller 4.0 GUI [35] using the 
3.0 Å structure of the MBD fragment of EgVIT1 bound to 
 Fe2+ (PDB: 6IU9) as the template. The initial best model 
was further optimised, refined and energy minimised in 
MODELLER. Statistical quality assessment of the model 
was performed using PROCHECK [32]. The PfVIT MBD 
homology model was then superposed onto the isolated 
EgVIT1 MBD crystal structure using the ‘align’ command 
of PyMOL. The atomic coordinates of the bound  Fe2+ ion 
from the superposed EgVIT1 MBD structure were sub-
sequently extracted and transferred to the PfVIT MBD 
homology model to yield a final model of PfVIT cytoplas-
mic MBD bound to  Fe2+ ion. Binding of  Fe2+ to the final 
model was analysed using the CheckMyMetal (CMM): 
Metal Binding Site Validation Server [36] to identify indi-
vidual amino acid residues that could potentially coordi-
nate  Fe2+ and form the binding site.

Gene synthesis and site‑directed mutagenesis
Previous work demonstrated that full-length Plasmo-
dium VIT was expressed at low levels and was function-
ally impaired in a yeast heterologous expression system. 
In contrast, N-terminal truncation versions of the trans-
porter demonstrated increased expression levels and 
activity and were easily detectable in vacuolar membrane 
fractions of the same system [21]. Therefore, an N-termi-
nal truncation mutant of PfVIT, designated sPfVIT, was 
designed for this study. The 711  bp sequence encoding 
the 237 amino acid, D2-36 N-terminal truncation mutant 
of the VIT from P. falciparum 3D7 (PlasmoDB gene ID: 
PF3D7_1223700) was codon-optimized for expression in 
S. cerevisiae and synthesized using a commercially avail-
able service (GenScript, USA). To facilitate detection 
of expressed protein and future protein purification, an 
in-frame thrombin cleavage site, myc epitope and  His10 
affinity tag were engineered into the C-terminal end of 
the protein to give a final construct of 822 bp (see Addi-
tional File 1: Figure S1). BamH1 and Xho1 restriction sites 
were introduced into the 5′ and 3′-ends of the synthetic 

DNA, respectively, and the codon optimized sequence 
was ligated into the multiple cloning site of pESC-Leu 
expression vector (Agilent, UK) that contained the LEU2 
selectable marker. This gave rise to pESC-Leu-sPfVIT 
that encoded a 273 amino acid construct of molecular 
mass 30.9  kDa, expression of which was placed under 
control of the GAL1 promoter. Site- directed mutants 
of sPfVIT used in this study were engineered using a 
QuikChange II XL Site-Directed Mutagenesis Kit (Agi-
lent, UK) according to the manufacturer’s protocol with 
the DNA primers listed in Additional File 2: Table S1, and 
with pESC-Leu-sPfVIT as template DNA. The fidelity 
of all constructs was verified by DNA sequence analysis 
(Macrogen Europe, Amsterdam). Plasmids were propa-
gated in Escherichia coli XL10-Gold Ultracompetent cells 
(Agilent, UK) using carbenicillin for selection, then puri-
fied, quantitated and conserved at – 20 °C until required.

Transformation of Saccharomyces cerevisiae
The budding yeast S. cerevisiae BY4741 derivative strain 
(MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0, ccc1Δ::KanMX) 
that lacked CCC1 vacuolar iron transporter was used 
as the model organism for this study. The recipient 
yeast strain was transformed using a previously pub-
lished method [37] except incubation temperatures 
were adjusted to 30  °C. Electrocompetent cells (45  µl 
aliquots) were transferred into pre-cooled sterile 1.5  ml 
Eppendorf tubes and 1–3  µg of DNA (either ‘empty’ 
pESC-Leu vector, wild type pESC-Leu-sPfVIT or mutant 
pESC-Leu-sPfVIT plasmid) added. The cells were then 
incubated on ice for 10 min prior to transfer to electropo-
ration cuvettes. A single 1.5 kV, 200 Ω, 25 μF pulse was 
applied to the mixture using a MicroPulser Electropo-
rator (Bio-Rad, UK) then 950 μl of YPD media (1% w/v 
Bacto™-yeast extract, 2% w/v Bacto™ -peptone, 2% w/v 
D-glucose) pre-warmed to 30 °C was added immediately 
into each cuvette. Cells were regenerated by incubation 
for 1 h at 30 °C then harvested by centrifugation (2200×g, 
5  min). Harvested cells were resuspended in 100  μl of 
sterile water, plated on solid synthetic complete media 
lacking leucine (SC-Leu; 6.68  g/l yeast nitrogen base, 
1.4  g/l yeast synthetic drop-out medium supplements 
without leucine, 20 g/l select agar, 2% w/v d-glucose) for 
selection and incubated for 2  days at 30  °C. Transfor-
mants were subsequently used for production of yeast 
cultures that overexpressed P. falciparum VIT.

Overexpression of sPfVIT
Single colonies of each transformant were cultured in liq-
uid SC-Leu medium containing 2% (w/v) D-glucose and 
incubated overnight at 30 °C with 180 rpm shaking. The 
overnight culture was diluted with SC-Leu to an  OD600 
of 0.2 in a sterile conical flask and further incubated until 
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 OD600 of 1.0. Protein expression was induced by addi-
tion of d-galactose to a final concentration of 3.5% (w/v) 
and the cultures grown for a further 20 h at 30  °C with 
shaking at 180 rpm. At the end of the induction period, 
samples of culture were taken for western blot analysis 
of protein expression levels and for use in qualitative and 
quantitative complementation assays designed to assess 
the ability of overexpressed protein to rescue the iron-
sensitive ccc1∆ strain of S. cerevisiae from the cytotoxic 
effects of high concentrations of  Fe2+.

Isolation of vacuoles from Saccharomyces cerevisiae
Isolation of vacuoles from ccc1Δ S. cerevisiae cells that 
harboured ‘empty’ pESC-Leu vector (negative control 
cells) or that overexpressed wild type sPfVIT trans-
porter from pESC-Leu-sPfVIT was performed based 
on a method described previously [38]. 500 ml of galac-
tose-induced yeast culture was centrifuged at 3000×g 
for 5  min at room temperature. Harvested cells were 
resuspended in 50  ml of wash buffer (0.1  M Tris–HCl 
pH 9.4, 10  mM dithiothreitol) by gentle vortexing. The 
suspension was then incubated at 32 °C for 10 min then 
centrifugated at 2240×g for 6  min. The resulting pel-
let was resuspended in spheroplasting buffer (0.75  mM 
 KH2PO4, 0.2% SC-Leu medium, 0.09 M sorbitol) contain-
ing 1 tablet of cOmplete™ EDTA-free Protease Inhibi-
tor Cocktail (Roche) to a volume that contained 2 ×  109 
cells/ml. Next, 50 U of Zymolyase 20T (MP Biomedicals, 
UK)/g wet weight of yeast cells was added and the mix-
ture was incubated at 32  °C for 30  min with occasional 
swirling prior to centrifugation at 1000×g for 2  min at 
4 °C. Spheroplasts were resuspended by gentle vortexing 
in 2.5 ml of 15% Ficoll solution (10 mM Pipes-KOH pH 
6.8, 0.2 M sorbitol, 150 g/l Ficoll). An appropriate volume 
of Dextran solution (the µl volume of which was calcu-
lated by taking the final  OD600 of a culture after 20 h of 
galactose induction × culture volume × 0.15) was added 
and the suspension held on ice for 2 min with occasional 
swirling. The suspension was then incubated at 32  °C 
for 3 min and placed back on ice. The spheroplasts were 
carefully layered onto a density step gradient consisting 
of 0%, 4%, 8% and 15% Ficoll solutions. The gradient was 
centrifuged at 175,000×g for 90 min at 4 °C and the vacu-
oles carefully harvested from the 0 to 4% Ficoll interface. 
The total protein content of the recovered vacuoles was 
quantified subsequent to analysis by western blot.

Yeast complementation assays
Cultures from single colonies of the ccc1∆ strain of S. 
cerevisiae transformed with either ‘empty’ pESC-Leu 
vector, or pESC-Leu that encoded wild type or mutant 
sPfVIT, were grown and protein expression induced 
as described above. At the end of the induction period 

the cultures were diluted to  OD600 of 0.2 with SC-Leu 
medium. The cultures were then twofold serially diluted 
and 10  µl of each spotted onto solid medium induction 
plates (SC-Leu agar containing 3.5% w/v galactose and 
2  mM ascorbic acid) with/without 7.5  mM ammonium 
iron (II) sulphate. The ascorbic acid and ammonium iron 
(II) sulphate solutions were freshly prepared then argon 
flushed to minimize oxidation of the ferrous iron during 
handling. Plates were incubated at 30 °C for 3 days prior 
to imaging with an Azure Biosystems C200 gel documen-
tation imager (Cambridge Bioscience, UK).

A quantitative analysis of the ability of wild type and 
mutant sPfVIT to rescue the ccc1∆ strain of S. cerevisiae 
was performed using a colony count assay. Cells were 
grown and protein expression induced as described 
above. At the end of the induction period samples of each 
culture were taken and diluted with SC-Leu medium to 
 OD600 of 0.002. Aliquots (50 µl) of diluted cultures were 
spread onto Petri dishes that contained solid media (SC-
Leu agar, 3.5% w/v galactose, 2  mM ascorbate) with/
without 7.5 mM ammonium iron (II) sulphate. The plates 
were incubated at 30 °C for 3 days then individual colo-
nies counted. All assays were performed in triplicate. 
The number of colonies formed per ml of  OD600 1.0 was 
calculated for each and the data analysed using one-way 
analysis of variance (ANOVA) and Dunnett’s multiple 
comparison tests.

Protein quantitation and western blot analysis
Total protein in yeast whole cell samples and in vacuoles 
was determined by Pierce BCA Protein Assay Kit (Ther-
moFisher Scientific, UK) used according to the manufac-
turer’s instructions. Samples of yeast cell cultures that 
had sPfVIT expression induced for 20  h were prepared 
for SDS-PAGE by adjustment of  OD600 to 1.0 in a volume 
of 1 ml with ultrapure  H2O. Cells were pelleted by centrif-
ugation, resuspended in 200 μl of 0.2 M NaOH and incu-
bated at RT for 10 min prior to addition of 75 μl of 5× 
concentrated SDS-PAGE sample loading buffer (300 mM 
Tris–HCl pH 6.8, 50% v/v glycerol, 5% w/v SDS, 0.05% 
v/v bromophenol blue, 250 mM dithiothreitol). Samples 
containing 30  µg of total protein (for vacuole samples 
7  µg of total protein was added) were electrophoresed 
on a 10-well Novex WedgeWell 4 to 20% Tris–Glycine 
gel (Invitrogen, UK) in Tris–Glycine SDS running buffer 
at constant 200 V for 45 min. Proteins were then trans-
ferred from the gel onto a 0.22 µm nitrocellulose mem-
brane (MDI Membrane Technologies, USA) at constant 
30 V for 16 h at 4 °C using a Mini Trans-Blot apparatus 
(Bio-Rad, UK). After transfer the membrane was blocked 
for 1 h at RT in TBS-T buffer (50 mM Tris pH 7.5, 0.01% 
v/v Tween 20, 150 mM NaCl) containing 1.0% w/v BSA 
then washed twice in TBS-T buffer. For detection of the 
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 His10 tag of the recombinant transporter the membrane 
was probed at RT for 1 h with HisProbe-HRP conjugate 
(ThermoFisher Scientific, UK) diluted 1:5000 in TBS-T 
buffer pre-treated with 0.1% w/v BSA. The membrane 
was then washed four times in TBS-T buffer prior to 
detection of the probe with SuperSignal West Pico PLUS 
Chemiluminescent Substrate (ThermoFisher Scientific, 
UK). The membrane was subsequently imaged with a 
G:BOX Chemi XRQ gel doc system (Syngene, USA).

Results
Three‑dimensional structural model of Plasmodium 
falciparum VIT (PfVIT)
The need for a more complete understanding of the 
mechanisms of metal ion recognition and transport 
by the P. falciparum vacuolar iron transporter PfVIT 
encouraged the production of  a comparative structural 
model of the protein to act as a guide for experiments 
aimed at deciphering its metal substrate binding site(s). 
The best-quality structural model of PfVIT was built 
using the automated comparative modelling web-server 
SWISS-MODEL. The backbone coordinates for the final 
homology model were built based on the 3.5  Å crys-
tal structure of Eucalyptus grandis vacuolar iron trans-
porter VIT1 (PDB ID: 6IU4) [31]. Each protomer of the 

model consisted of 227 residues (42–268) of PfVIT which 
were aligned with residues 31–248  of the VIT1 tem-
plate sequence (Fig. 1). There was 29% sequence identity 
and 34% sequence similarity over this range. The model 
excluded N-terminal residues 1–41 and C-terminal resi-
dues 269–273 of PfVIT. The overall average G-factor of 
the model was − 0.03 and it had no unusual stereochemi-
cal properties. Ramachandran plot analysis revealed 
97.1% and 2.9% of non-glycine and non-proline residues 
were located in the favoured and additional allowed 
regions, respectively; no residues were found in the gen-
erously allowed and disallowed regions (Additional file 3: 
Figure S2). These data are all indicative of a good-quality 
model.

The biologically relevant structure of VIT1 is a 
homodimer [31] and it is probable that PfVIT also func-
tions as such. Not unexpectedly, the overall fold of the 
PfVIT model is very similar to that of its plant VIT1 
homologue with each subunit of the homodimer com-
posed of two domains: a transmembrane domain (TMD) 
and a cytoplasmic metal binding domain (MBD) (Fig. 2). 
Each PfVIT protomer consists of a bundle of five trans-
membrane (TM) helices in a 2 + 3 arrangement typical 
of CCC1/VIT1 family members [31], and with the N- 
and C-termini located on the putative cytoplasmic and 

Fig. 1 Primary sequence alignment of the modelled residues of PfVIT with the plant EgVIT1 template. The target-template alignment used for 
construction of the PfVIT homology model was generated by HHblits [49]. Conserved, similar, and non-conserved amino acids are highlighted in 
dark blue, light blue, and white, respectively. Conserved glutamate and methionine residues involved in coordination of substrate metal cation(s) 
within the cytoplasmic metal binding domain (MBD) are presented in red boxes. The positions of the transmembrane spanning helices (TM1 to 
TM5) and helices H1 to H3 of the cytoplasmic MBD of the plant VIT1 structure are indicated
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compartmental lumen sides of the membrane, respec-
tively (Fig. 2a). Viewed perpendicular to the plane of the 
membrane from the lumenal side of the protein, TMs 
2–5 of each protomer are arranged in counter-clockwise 
sequence around the central TM1, and TM5 is tilted 
by about 30° to the membrane normal (Fig.  2b). TM2 
extends into the cytoplasm and connects to three short 
helices (H1-H3). Dimerization of PfVIT in the model 
occurs via interactions between both the TMD and MBD 
domains of each protomer. At the dimer interface of the 
TMD, extensive non-bonding and some H-bonding inter-
actions between TM1, TM2 and TM5 of each protomer 
are the main contributors to the dimeric interaction. In 
the MBD, in addition to H-bonding and hydrophobic 
interactions, the model suggests that salt bridges between 
the protomers also contribute to dimerization. A large, 
funnel-shaped cavity which is accessible to the cytoplas-
mic solvent is located at the dimer interface between 
the TMDs. This cavity is lined with acidic, basic and 
sulphur-containing residues from each protomer, and it 
is likely that these form a hydrophilic translocation path-
way across the membrane for the metal ion substrate. 
The alternating access model of membrane transport, 
however, dictates that the substrate binding site of any 
transporter cannot be accessible simultaneously to both 
sides of the membrane [39]. Further inspection of the 
PfVIT model revealed the luminal side of the protein 

to be sealed by a ‘plug’ of hydrophobic residues located 
on TM1 and TM2 of the protein (Additional file 4: Fig-
ure S3). Therefore, it is likely the model is representative 
of PfVIT in an ‘inward-open’ conformational state with 
the luminal side of the protein closed to the iron storage 
compartment interior.

In the plant VIT1 structure, side chains of five highly 
conserved glutamate residues (E102, E105, E113, E116 
and E153) and a single conserved methionine residue 
(M149) that are located on the cytoplasmic end of TM2, 
and on helices H1 and H3 of the MBD form a metal bind-
ing site [31]. Comparison of our PfVIT model with the 
VIT1 structure, in combination with sequence and struc-
tural alignments, suggested negatively charged amino 
acid residues E113 and E116 on TM2, E124 and E127 on 
H1, and M161 and E165 on H3 as the equivalent binding 
site residues in PfVIT. To investigate possible interactions 
between these residues and bound  Fe2+ the structure of 
isolated MBD was modelled using the 3.0 Å crystal struc-
ture of the MBD fragment of plant VIT1 bound to  Fe2+ as 
the template (PDB: 6IU9) [31]. The initial best model of 
PfVIT MBD, which consisted of 79 residues (A101-L179), 
was further optimised, refined and energy minimised to 
produce a structure with 92% and 5.3% of residues located 
in the most favoured and additionally allowed regions, 
respectively, of a Ramachandran plot (Additional file  3: 
Figure S2). One residue (E73) resided in the generously 

Fig. 2 Structural model of the P. falciparum vacuolar iron transporter PfVIT. a The PfVIT structural model as viewed parallel to the plane of the 
interior compartment membrane, the boundaries of which are represented by grey rectangles. The protomers of the homodimeric structure are 
represented as ribbon structures and coloured magenta and green. The transmembrane domain (TMD) and cytoplasmic metal binding domain 
(MBD) are indicated and the individual helices of each are labelled TM1-TM5 and H1-H3, respectively, on one of the protomers. The N-and C-termini 
of the protein are located on the cytoplasmic and lumenal sides of the membrane, respectively. b Arrangement of the transmembrane spanning 
helices of the PfVIT structural model viewed from the lumenal side of the membrane
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allowed region of the plot and a further residue (V70) in 
the disallowed region. The latter is not surprising because 
V70 is located on H3 at the C-terminal end of the PfVIT 
MBD and this part of the helix was unstructured in the 
isolated plant VIT MBD crystal structure. Superposition 
of the PfVIT MBD homology model with the VIT1 MBD 
crystal structure revealed excellent structural alignment 
(Fig. 3a). The atomic coordinates of the bound  Fe2+ ion 
from the superposed VIT1 MBD structure were extracted 
and transferred to the PfVIT MBD homology model to 
yield a final model of PfVIT cytoplasmic MBD with a 
single bound  Fe2+ (Fig.  3b) and this enabled a detailed 
structural analysis of the interactions between metal ion 
substrate and individual amino acid residues. Analysis 
by the CheckMyMetal tool [36] suggested substrate  Fe2+ 

to be octahedrally coordinated by oxygen atoms of E113, 
E124, E127 and E165 and the sulphur atom of M161 
(Table  1). In the model the carboxylic oxygens of the 
E116 side chain were both positioned too distant (4.4 Å) 
from the  Fe2+ ion to be involved directly in its coordina-
tion. The PfVIT homology model was subsequently used 
to guide mutagenesis studies designed to determine the 
individual amino acid residues essential for coordination 
of  Fe2+ to the PfVIT metal binding domain and, there-
fore, to transporter function.

The recombinant sPfVIT construct is localized to the yeast 
vacuole membrane
Prior to performing a functional assessment of the 
malaria transporter in the yeast model system it was 
necessary to demonstrate localization of the sPfVIT con-
struct used in the study. Although previously published 
work showed that N-terminally truncated sPfVIT was 
targeted correctly to the yeast vacuole, the construct used 
in that study did not possess any C-terminal histidine 
affinity tag [21]. Therefore, to ensure that the presence 
of the C-terminal decahistidine tag on the recombinant 
transporter used for the current study did not confound 
correct targeting to the yeast vacuole membrane, western 
blot analysis of isolated vacuoles prepared from ccc1Δ 
yeast cells that overexpressed the protein from pESC-
Leu-sPfVIT plasmid was performed. Vacuoles prepared 

Fig. 3 Structural model of the PfVIT cytoplasmic metal binding domain. a Structural alignment of the PfVIT cytoplasmic MBD structural model 
(coloured grey) with the crystal structure (PDB ID: 6IU9) [31] of plant VIT1 MBD (coloured red). Bound ferrous cation is represented as an orange 
sphere. b Structural model of the PfVIT MBD substrate binding site. The side chains of the amino acid residues that form the putative binding site are 
represented as sticks with oxygen atoms coloured red and sulphur atoms yellow. The coordinated  Fe2+ cation is represented as an orange sphere

Table 1 Distances between putative PfVIT cytoplasmic MBD 
substrate-binding residues and  Fe2+ substrate ion

Residue Coordinating atom Distance to  Fe2+

E113 Oε2 1.78 Å

E124 Oε1 1.99 Å

E127 Oε1 2.21 Å

M161 Sδ 2.99 Å

E165 Oε1 1.76 Å

E165 Oε2 3.30 Å
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from cells that harboured empty vector were used as a 
negative control. As shown in Fig. 4, the western blot of 
the isolated vacuolar proteins prepared from cells that 
overexpressed the transporter revealed a single band with 
apparent molecular mass of ~ 30 kDa that corresponded 
to the sPfVIT construct, thereby demonstrating correct 
localization of the protein to the yeast vacuole.

Glutamate residues within the cytoplasmic metal binding 
domain of PfVIT are replaceable
To assess the functional role of individual amino acid 
residues in formation of the putative  Fe2+ binding site 
of PfVIT, site directed mutagenesis was performed and 
the ability of mutant protein to rescue an iron-sensitive 
yeast phenotype from the toxic effects of high extracel-
lular iron concentrations was tested in a complementa-
tion assay [21, 31]. For this assay, the ccc1∆ strain of S. 
cerevisiae that overexpressed transporter mutants from 
pESC-Leu-sPfVIT plasmid (see Section “Methods”) was 
spotted onto solid media plates that contained either no 
added iron or 7.5 mM iron added in the form of ammo-
nium iron (II) sulphate. Cells that expressed wild type 
sPfVIT or harboured ‘empty’ pESC-Leu vector were used 
as positive and negative controls, respectively.

Initially, an alanine scan of the putative binding site 
glutamate (E113, E116, E124, E127 and E165) and 
methionine (M161) residues was performed to inves-
tigate the necessity of those residues for transporter 
function. Although the structural model of the MBD 
did not indicate a direct role for the methionine at 
position 162 in binding of  Fe2+, given its proximity 
to the putative metal binding site the effect of muta-
tion of M162 on transporter function was also tested. 
Qualitative and quantitative analyses demonstrated 
that overexpression of mutant transporter resulted 
in no statistically significant differences in yeast cell 
growth in the absence of externally added iron (Fig. 5a, 
c), thereby confirming no detrimental effect on yeast 
cell growth due to overexpression of each transporter. 
However, on media that contained added iron, nega-
tive control yeast cells that harboured ‘empty’ pESC-
Leu vector were incapable of growth due to lack of a 
transporter that could function in vacuolar seques-
tration of excess cytoplasmic iron (Fig.  5b, d). Over-
expression of recombinant wild type sPfVIT in ccc1∆ 
yeast, however, successfully rescued the iron-sensitive 
phenotype indicating that our N-terminally truncated 
PfVIT construct can function as the vacuolar iron 
transporter in S. cerevisiae. Overexpression of E113A, 
E116A, E124A, E127A and M162A mutants of sPfVIT 
also rescued the iron-sensitive yeast phenotype. Cells 
that overexpressed the E113A, E116A, E124A and 
M162A mutants grew similarly to cells that overex-
pressed wild type transporter, but quantitative analysis 
revealed E127A to be a mild gain of function mutation 
(Fig. 5d). Taken together, these data suggest a negative 
charge at amino acid positions 113, 116, 124 or 127 is 
therefore not a requirement for PfVIT-catalysed iron 
transport. In contrast, sPfVIT E165A and M161A were 
loss of function mutants that failed to complement the 
growth inhibition of ccc1Δ yeast on media containing 
added iron (Fig. 5b, d), suggesting an important func-
tional role for E165 and M161 in recognition and/or 
binding of  Fe2+ substrate in the malaria transporter.

Individual replacement of the negatively charged 
glutamate residues that form the putative binding site 
with neutral glutamine at positions 113, 116 and 127 
severely impaired complementation efficiency of the 
iron-sensitive ccc1∆ phenotype in the yeast comple-
mentation assays (Fig. 6). As shown in Fig. 6b, d, yeast 
cells that overexpressed the E124Q and E165Q sPfVIT 
mutants exhibited complementation efficiency that was 
statistically indistinguishable from that of cells that 
overexpressed the wild type transporter. Furthermore, 
the data suggest that position 124 of the MBD is par-
ticularly resilient to amino acid substitution.

Fig. 4 Western blot of vacuolar preparations from ccc1Δ S. cerevisiae 
cells. 7 µg of protein from vacuoles prepared from ccc1Δ yeast cells 
that either harboured ‘empty’ pESC-Leu (vector) or overexpressed 
wild type sPfVIT transporter was loaded onto each lane of the gel. The 
left-hand panel shows the molecular weight markers. Localization 
of heterologously overexpressed sPfVIT to the yeast vacuole was 
confirmed by detection of the His-tag of the recombinant protein
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Methionine at position 161 is crucial for PfVIT function
Alanine scanning mutagenesis suggested a methio-
nine residue at position 161 in the MBD was required 
for transporter function (Fig. 5). To investigate further 
if M161 is an essential residue in PfVIT, additional 
mutagenic analysis was performed. The methionine 

Fig. 5 Iron tolerance of ccc1Δ yeast conferred by the functional 
expression of PfVIT cytoplasmic metal binding domain alanine 
mutants. Cultures of ccc1Δ yeast cells that expressed wild type sPfVIT, 
alanine mutant sPfVIT or empty pESC-Leu vector were diluted in 
twofold steps (from  OD600 0.2 to 0.0125), spotted onto SC agar plates 
lacking leucine and supplemented with a no added  Fe2+ as a control 
or b 7.5 mM  Fe2+. The plates were incubated at 30 °C for 3 days. 
 Fe2+ was provided as ammonium  FeSO4 in the presence of 2 mM 
ascorbic acid. c Quantitative analysis of colony growth (counted 
as colonies formed per ml of OD1 culture) of ccc1Δ yeast cells that 
expressed wild type sPfVIT, alanine mutant sPfVIT or empty pESC-Leu 
vector on SC-Leu agar plates that contained no added iron. d Colony 
formation of ccc1Δ yeast cells that expressed wild type sPfVIT, alanine 
mutant sPfVIT or empty pESC-Leu vector on SC-Leu agar plates 
that contained 7.5 mM  Fe2+. For each yeast transformant, colony 
formation is quantitated as a percentage of that of the respective 
control grown on plates with no added iron. Data in c and d are 
presented as the mean ± s.e.m. of three independent experiments. 
The data were analysed using one-way analysis of variance 
(ANOVA) and Dunnett’s multiple comparison tests to determine any 
statistically significant difference between growth of yeast cells that 
expressed wild type and mutant sPfVIT; *P < 0.05, **P < 0.01

Fig. 6 Iron tolerance of ccc1Δ yeast conferred by the functional 
expression of PfVIT cytoplasmic metal binding domain glutamine 
mutants. Cultures of ccc1Δ yeast cells that expressed wild type sPfVIT, 
glutamine mutant sPfVIT or empty pESC-Leu vector were diluted 
in twofold steps (from  OD600 0.2 to 0.0125), spotted onto SC agar 
plates lacking leucine and supplemented with a no added  Fe2+ as 
a control or b 7.5 mM  Fe2+. The plates were incubated at 30 °C for 
3 days. c Quantitative analysis of colony growth (counted as colonies 
formed per ml of OD1 culture) of ccc1Δ yeast cells that expressed wild 
type sPfVIT, glutamine mutant sPfVIT or empty pESC-Leu vector on 
SC-Leu agar plates that contained no added iron. d Colony formation 
of ccc1Δ yeast cells that expressed wild type sPfVIT, glutamine 
mutant sPfVIT or empty pESC-Leu vector on SC-Leu agar plates 
that contained 7.5 mM  Fe2+. For each yeast transformant, colony 
formation is quantitated as a percentage of that of the respective 
control grown on plates with no added iron. Data in c and d are 
presented as the mean ± s.e.m. of three independent experiments. 
The data were analysed using one-way analysis of variance 
(ANOVA) and Dunnett’s multiple comparison tests to determine 
any statistically significant difference between growth of yeast cells 
that expressed wild type and mutant sPfVIT; **P < 0.01, ***P < 0.001, 
****P < 0.0001
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was substituted with leucine (M161L) and cysteine 
(M161C) to test the functional significance of amino 
acid side chain bulk and the presence of a sulphur 
atom, respectively, at position 161. An M161E mutant 
was constructed to test if a negative charge could com-
pensate for loss of the methionine. As shown in Fig. 7, 
replacement of the methionine with leucine, cysteine or 
glutamate completely abolished the ability of PfVIT to 
rescue the iron-sensitive ccc1∆ yeast phenotype. There-
fore, M161 is an essential residue for PfVIT function.

Western blot analysis of yeast total protein confirmed 
that expression levels of the N-terminal truncation wild 
type and mutant PfVIT were similar (Fig.  8). Therefore, 
measured differences in complementation efficiency of 
the iron-sensitive ccc1∆ phenotype in the assays were 
due solely to the effect(s) of amino acid substitution and 
not to differences in expression levels of the recombinant 
transporter mutants.

Discussion
Despite the gradual annual decline in malaria cases and 
deaths over the past decade, emerging and growing 
resistance to frontline drugs used to treat the disease has 
highlighted a need for identification and characterisa-
tion of novel anti-malarial drug targets [25, 40]. A vacu-
olar iron transporter family homologue that functions in 
iron detoxification during liver and asexual blood stages 
of Plasmodium species could represent just such a target 
for novel prophylactic drugs [21, 41]. In the absence of an 
experimentally determined three-dimensional structure 
of any Plasmodium VIT, a high-quality homology model 
of PfVIT from the human malaria parasite P. falciparum 
was built and used as a guide for mutagenesis studies 
aimed at identification of individual amino acid residues 
that constitute the substrate binding site of the protein; 
information critical not only for a better understanding 
of PfVIT function but also for structure-based design of 
novel inhibitors of the transporter.

The structural similarities between the PfVIT homol-
ogy model and plant VIT1 crystal structure suggest a 
common gross architecture for eukaryotic VITs. This 
similarity is particularly evident in the cytoplasmic MBD 

Fig. 7 Effect of substitution of the PfVIT cytoplasmic metal binding 
domain methionine 161 residue on iron tolerance of ccc1Δ yeast. 
Cultures of ccc1Δ yeast cells that expressed wild type sPfVIT, 
methionine 161 mutant sPfVIT or empty pESC-Leu vector were 
diluted in twofold steps (from  OD600 0.2 to 0.0125), spotted onto SC 
agar plates lacking leucine and supplemented with a no added  Fe2+ 
as a control or b 7.5 mM  Fe2+. The plates were incubated at 30 °C for 
3 days. c Quantitative analysis of colony growth (counted as colonies 
formed per ml of OD1 culture) of ccc1Δ yeast cells that expressed wild 
type sPfVIT, methionine mutant sPfVIT or empty pESC-Leu vector on 
SC-Leu agar plates that contained no added iron. d Colony formation 
of ccc1Δ yeast cells that expressed wild type sPfVIT, methionine 
mutant sPfVIT or empty pESC-Leu vector on SC-Leu agar plates 
that contained 7.5 mM  Fe2+. For each yeast transformant, colony 
formation is quantitated as a percentage of that of the respective 
control grown on plates with no added iron. Data in c and d are 
presented as the mean ± s.e.m. of three independent experiments. 
The data were analysed using one-way analysis of variance 
(ANOVA) and Dunnett’s multiple comparison tests to determine any 
statistically significant difference between growth of yeast cells that 
expressed wild type and mutant sPfVIT; ****P < 0.0001

Fig. 8 Western blot analysis of expression levels of wild type and 
mutant sPfVIT in ccc1Δ yeast cells. Expression levels of a wild type 
(WT) sPfVIT and alanine mutant sPfVIT; b wild type (WT) sPfVIT and 
glutamine mutants sPfVIT, and c wild type (WT) sPfVIT and M161 
leucine, cysteine and glutamate mutants of the transporter
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of the transporters; several glutamate and methionine 
residues that form the metal binding site(s) of plant VIT1 
are not only fully conserved in the primary sequence of 
PfVIT, but the binding sites also exhibit a striking degree 
of structural conservation. Despite this, the malaria and 
plant VITs possess different metal cation substrate rec-
ognition profiles. PfVIT is specific for  Fe2+ whereas plant 
VITs are more promiscuous and can bind and transport 
divalent Zn, Mn, Co or Ni cations in addition to  Fe2+ [12, 
21, 27, 31]. Yeast CCC1 is also capable of transporting 
 Mn2+ and  Ca2+ ions [10]. Differences between Plasmo-
dium and plant or yeast VITs may also extend to metal 
ion occupancy of the cytoplasmic MBD. Although our 
PfVIT model suggested only one  Fe2+ ion is bound to 
the MBD, the crystal structure of plant VIT1 revealed 
that two  Zn2+ ions and a water molecule played a role in 
coordination of  Fe2+ to that transporter [31]. While it is 
intriguing to speculate if PfVIT can bind more than one 
metal ion in the MBD, or if  Zn2+ is a cofactor necessary 
for PfVIT function, previous work demonstrated that 
purified recombinant PfVIT in detergent solution did not 
bind exogenously added zinc [27].

The results of yeast complementation assays that 
assessed the ability of mutant PfVIT to rescue the ccc1Δ 
iron sensitive phenotype of S. cerevisiae suggested a plas-
ticity of the metal binding site with respect to substrate 
binding and highlighted additional differences between 
the P. falciparum and plant VITs. Taken together, the 
assay results clearly demonstrated that a glutamate resi-
due at positions 113, 116, 124, 127 or 165 in the PfVIT 
metal binding domain is not essential for transporter 
function. Individual removal of the negative charge at 
each of these positions by alanine scanning mutagen-
esis revealed only E165 to be sensitive to replacement by 
alanine. However, introduction of a neutral glutamine at 
the same position completely recovered the iron-tolerant 
yeast phenotype. Furthermore, substitution of gluta-
mate by glutamine at positions 113, 116 and 127 greatly 
diminished but did not completely abolish the ability of 
ccc1Δ yeast cells that expressed the mutant transporters 
to grow on medium that contained added iron. Intro-
duction of a glutamine at position 124 had no significant 
effect on PfVIT function. In contrast, loss of the negative 
charge by individual replacement of the equivalent MBD 
glutamate residues with glutamine in plant VIT1 resulted 
in loss of function of all the mutant transporters [31]. The 
resilience exhibited by PfVIT toward substitution of the 
conserved MBD glutamate residues suggests the malaria 
protein can remodel its binding site to utilise different 
coordination geometries for binding the  Fe2+ substrate 
in response to mutation. This contention is supported by 
a study of transition metal binding selectivity in proteins 
which showed that although  Fe2+ had a preference for 

octahedral coordination geometry, other  Fe2+-binding 
geometries with coordination numbers of 4 or 5 were 
also well represented in the set of test proteins [42]. It is 
also possible that water molecules in  OH− or  O2− form 
could replace individual amino acid side chains as coor-
dinating ligands to bind metal substrate in the mutant 
PfVIT proteins, as observed in the plant VIT1 structure 
[31]. Although the homology model of PfVIT suggested 
a single  Fe2+ was bound to each MBD of the protein, the 
possibility of the presence of more than one distinct  Fe2+ 
binding site within the domain cannot be excluded; clari-
fication of this will likely have to await the availability of 
an experimentally-determined, high resolution structure 
of PfVIT with substrate bound.

Regardless of  the limitations of the PfVIT homology 
model, it can still provide a useful framework for inter-
pretation of the mutagenesis experiments. The statisti-
cally significant gain of function observed for the PfVIT 
E127A mutation can be rationalised if consideration is 
given to the location of this residue on the cytoplasmic 
MBD of the protein. Inspection of the PfVIT MBD struc-
ture (Fig. 3b) revealed the acidic E127 to be located about 
midway on H1 of the MBD and facing toward the cytosol. 
Such positioning could allow E127 to function as a ‘gate-
keeper residue’ to control entry/exit of  Fe2+ to/from the 
metal binding site. It is plausible, therefore, that the gain 
of function observed for the E127A mutant was due to 
removal of side chain bulk. Furthermore, it suggests that 
the negative charge on E127 may play an important role 
in controlling the binding of  Fe2+ to the MBD. Consist-
ent with the notion of E127 as a gatekeeper residue was 
the loss of function observed when the acidic, negatively 
charged glutamate at this position was substituted with 
uncharged glutamine.

The information provided by the PfVIT homology 
model also allowed the effects of mutation of the E165 
residue to be placed in a structural context. The loss of 
function observed when E165 was substituted with ala-
nine, combined with the ability of the PfVIT E165Q 
mutant to rescue the iron-sensitive of ccc1Δ yeast phe-
notype, suggested an important role for side chain bulk 
at position 165 for transporter function. The location of 
E165 at the C-terminal end of helix 3 of the MBD (see 
Fig. 3b), and with its side chain facing towards the sub-
strate translocation pore of PfVIT, places this glutamate 
residue at an ideal position to facilitate diffusion of  Fe2+ 
along the protein surface from the binding site to the cen-
tral pore of the transporter. PfVIT functions as an  Fe2+/
H+ exchanger [27] and competition between protons and 
substrate is central to the transport mechanism of these 
proteins [43]. The apparent necessity of an amino acid 
side chain that is capable of undergoing (de)protonation 
at position 165 of PfVIT raises the possibility that E165 
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could be a component of a proton relay that functions in 
translocation of  H+ countersubstrate across the internal 
compartment membrane. Further biochemical studies 
aimed at measurement of substrate binding to purified 
wild type and mutant transporter in detergent solu-
tion combined with transport measurements of protein 
reconstituted into liposomes will probably be required to 
confirm if this is indeed the case.

In contrast to the conserved glutamate residues of the 
PfVIT cytoplasmic MBD, a methionine at position 161 
is indispensable to transporter function. Sulphur-con-
taining residues play an important role in coordination 
of metal ions in the binding sites of many metallopro-
teins [44, 45], and a conserved methionine in the metal 
binding site of plant VIT1 [31] and the Nramp-family of 
transporters [46] acts to confer metal ion selectivity for 
transition metal ions while discriminating against the 
alkaline earth metals. It is probable, therefore, that M161 
performs the same selectivity function in PfVIT. Insight 
into the role of this methionine in metal ion selectivity 
can be provided by viewing substrate binding through 
the lens of the Lewis concept of acids and bases [47]. 
Transition metal ions such as  Fe2+ are regarded by Lewis 
theory as borderline acids with properties that are inter-
mediate to those of the electrophilic hard Lewis acids and 
the nucleophilic soft Lewis acids [48]. The intermediate 
acid nature of  Fe2+ means it can bind to both hard and 
soft base ligands such as the carboxylate oxygens of glu-
tamate side chains, and the thioether sulphur atom of 
methionine side chains, respectively. The methionine side 
chain, however, is rather hydrophobic and an unsuitable 
ligand for the hard acid alkaline earth metals. Although 
this characteristic imparts a discriminatory function to 
methionine with respect to metal ion recognition, it does 
not fully explain why plant VIT1 can recognize and trans-
port  Co2+,  Ni2+ and  Zn2+ as well as  Fe2+ [31] whereas 
PfVIT is selective for  Fe2+ [21, 27]. Therefore, other sub-
tle specificity determinants must be at play within the 
PfVIT binding site to enable discrimination between  Fe2+ 
and the other divalent transition metal cations. It may 
be that specific physicochemical attributes of  Fe2+, such 
as size and electron configuration, are exploited by the 
transporter to sculpt the composition and geometry of 
the metal binding site and the immediate surroundings to 
afford selectivity.

Conclusion
This work represents the first systematic characterization 
of the metal binding site of a non-plant VIT. Although 
the homology model of PfVIT provided a useful and 
effective guide for biochemical investigations of trans-
porter function there are still several questions about 
metal ion binding to PfVIT that are outstanding and that 

cannot be answered by homology modelling alone. These 
include: (i) Can more than one  Fe2+ bind to the MBD? 
(ii) Are divalent metal ions other than iron substrates 
of the MBD? (iii) Can other metals bind to PfVIT MBD 
simultaneously with iron? (iv) If so, are those metals nec-
essary cofactors for PfVIT function? It is also unknown 
if the integrity of the metal binding site is retained or if 
different residues become involved in substrate binding 
as the transporter undergoes the conformational changes 
typically associated with active transport processes. Nev-
ertheless, the availability of a high-quality homology 
model of PfVIT offers the possibility of further compu-
tational studies of iron binding to the protein by molecu-
lar dynamics simulations to enable identification of other 
residues within the protein that are essential for function 
and opens the door for rational design of therapeutics 
to interfere with iron homeostasis within the malaria 
parasite.

Abbreviations
A: Alanine; BSA: Bovine serum albumin; C: Cysteine; CCC1: Cross comple-
menter protein 1; E: Glutamic acid (glutamate); EgVIT1: Eucalyptus grandis 
vacuolar iron transporter 1; HRP: Horse radish peroxidase; L: Leucine; M: 
Methionine; MBD: Metal binding domain; PDB: Protein data bank; PfVIT: 
Plasmodium falciparum vacuolar iron transporter; Q: Glutamine; RT: Room 
temperature; sPfVIT: N-terminal truncation mutant of Plasmodium falcipa-
rum vacuolar iron transporter; SC-Leu: Single dropout formulation (without 
l-Leucine) of synthetic complete supplement mixture of amino acids; SDS-
PAGE: Sodium dodecyl sulphate–polyacrylamide gel electrophoresis; TBS-T: 
Tris buffered saline-Tween buffer; TMD: Transmembrane domain; VIT: Vacuolar 
iron transporter; WT: Wild type; YPD: Yeast peptone dextrose medium.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12936- 021- 03827-7.

Additional file 1: Figure S1. Nucleotide sequence of the codon opti-
mized PfVIT N-terminal truncation construct used in this study.

Additional file 2: Table S1. DNA oligonucleotide primers used in the 
study.

Additional file 3: Figure S2. Ramachandran plots of backbone dihedral 
angles for the three-dimensional structural models of PfVIT.

Additional file 4: Figure S3. Structural model of the functional PfVIT 
homodimer in an ‘inward open’ conformation and with  Fe2+ substrate 
bound.

Acknowledgements
We thank Dr Alastair Fleming, Trinity College Dublin, Ireland for the kind gift of 
the ∆CCC1 S. cerevisiae strain.

Authors’ contributions
CJL and EMH conceived and supervised the work; CJL and PS performed 
homology modelling; PS and VT performed the wet experiments; CJL and 
EMH analysed and interpreted the data; CJL wrote the manuscript and pro-
duced the figures. All authors read and approved the final manuscript.

Funding
VT was supported by a Northern Ireland Department for the Economy PhD 
studentship.

https://doi.org/10.1186/s12936-021-03827-7
https://doi.org/10.1186/s12936-021-03827-7


Page 13 of 14Sharma et al. Malar J          (2021) 20:295  

Availability of data and materials
The atomic coordinate (.pdb) files of the homology models described in this 
article are available from the corresponding author on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 5 May 2021   Accepted: 17 June 2021

References
 1. Kaplan J, Ward DM. The essential nature of iron usage and regulation. 

Curr Biol. 2013;23:R642-6.
 2. Clark MA, Goheen MM, Cerami C. Influence of host iron status on Plasmo-

dium falciparum infection. Front Pharmacol. 2014;5:84.
 3. Ilbert M, Bonnefoy V. Insight into the evolution of the iron oxidation 

pathways. Biochim Biophys Acta. 2013;1827:161–75.
 4. Eid R, Arab NT, Greenwood MT. Iron mediated toxicity and programmed 

cell death: a review and a re-examination of existing paradigms. Biochim 
Biophys Acta Mol Cell Res. 2017;1864:399–430.

 5. Wang J, Pantopoulos K. Regulation of cellular iron metabolism. Biochem 
J. 2011;434:365–81.

 6. Baker HM, Anderson BF, Baker EN. Dealing with iron: common structural 
principles in proteins that transport iron and heme. Proc Natl Acad Sci 
USA. 2003;100:3579–83.

 7. Caza M, Kronstad JW. Shared and distinct mechanisms of iron acquisition 
by bacterial and fungal pathogens of humans. Front Cell Infect Microbiol. 
2013;3:80.

 8. Theil EC. Ferritin: structure, gene regulation, and cellular function in ani-
mals, plants, and microorganisms. Annu Rev Biochem. 1987;56:289–315.

 9. Li L, Chen OS, McVey Ward D, Kaplan J. CCC1 is a transporter that medi-
ates vacuolar iron storage in yeast. J Biol Chem. 2001;276:29515–9.

 10. Lapinskas PJ, Lin SJ, Culotta VC. The role of the Saccharomyces cerevi-
siae CCC1 gene in the homeostasis of manganese ions. Mol Microbiol. 
1996;21:519–28.

 11. Momonoi K, Yoshida K, Mano S, Takahashi H, Nakamori C, Shoji K, et al. A 
vacuolar iron transporter in tulip, TgVit1, is responsible for blue coloration 
in petal cells through iron accumulation. Plant J. 2009;59:437–47.

 12. Connorton JM, Jones ER, Rodriguez-Ramiro I, Fairweather-Tait S, Uauy C, 
Balk J. Wheat vacuolar iron transporter TaVIT2 transports Fe and Mn and is 
effective for biofortification. Plant Physiol. 2017;174:2434–44.

 13. Sharma SS, Dietz KJ, Mimura T. Vacuolar compartmentalization as indis-
pensable component of heavy metal detoxification in plants. Plant Cell 
Environ. 2016;39:1112–26.

 14. Gollhofer J, Timofeev R, Lan P, Schmidt W, Buckhout TJ. Vacuolar-iron-
transporter1-like proteins mediate iron homeostasis in Arabidopsis. PLoS 
ONE. 2014;9: e110468.

 15. Zhang Y, Xu YH, Yi HY, Gong JM. Vacuolar membrane transporters OsVIT1 
and OsVIT2 modulate iron translocation between flag leaves and seeds in 
rice. Plant J. 2012;72:400–10.

 16. Zhu W, Zuo R, Zhou R, Huang J, Tang M, Cheng X, et al. Vacuolar iron 
transporter BnMEB2 is involved in enhancing iron tolerance of Brassica 
napus. Front Plant Sci. 2016;7:1353.

 17. Yoshida K, Negishi T. The identification of a vacuolar iron transporter 
involved in the blue coloration of cornflower petals. Phytochemistry. 
2013;94:60–7.

 18. Cao J. Molecular evolution of the vacuolar iron transporter (VIT) family 
genes in 14 plant species. Genes. 2019;10:144.

 19. Kim SA, Punshon T, Lanzirotti A, Li L, Alonso JM, Ecker JR, et al. Localization 
of iron in Arabidopsis seed requires the vacuolar membrane transporter 
VIT1. Science. 2006;314:1295–8.

 20. Sorribes-Dauden R, Peris D, Martinez-Pastor MT, Puig S. Structure and 
function of the vacuolar Ccc1/VIT1 family of iron transporters and its 
regulation in fungi. Comput Struct Biotechnol J. 2020;18:3712–22.

 21. Slavic K, Krishna S, Lahree A, Bouyer G, Hanson KK, Vera I, et al. A vacuolar 
iron-transporter homologue acts as a detoxifier in Plasmodium. Nat Com-
mun. 2016;7:10403.

 22. Venugopal K, Hentzschel F, Valkiunas G, Marti M. Plasmodium asexual 
growth and sexual development in the haematopoietic niche of the host. 
Nat Rev Microbiol. 2020;18:177–89.

 23. Scholl PF, Tripathi AK, Sullivan DJ. Bioavailable iron and heme metabolism 
in Plasmodium falciparum. Curr Top Microbiol. 2005;295:293–324.

 24. Clark M, Fisher NC, Kasthuri R, Cerami HC. Parasite maturation and host 
serum iron influence the labile iron pool of erythrocyte stage Plasmodium 
falciparum. Br J Haematol. 2013;161:262–9.

 25. Weiner J, Kooij TW. Phylogenetic profiles of all membrane transport 
proteins of the malaria parasite highlight new drug targets. Microb Cell. 
2016;3:511–21.

 26. WHO. World malaria report 2019. Geneva: World Health Organization; 
2019.

 27. Labarbuta P, Duckett K, Botting CH, Chahrour O, Malone J, Dalton JP, et al. 
Recombinant vacuolar iron transporter family homologue PfVIT from 
human malaria-causing Plasmodium falciparum is a Fe2+/H+exchanger. 
Sci Rep. 2017;7:42850.

 28. Sanchez R, Sali A. Large-scale protein structure modeling of the Saccharo-
myces cerevisiae genome. Proc Natl Acad Sci USA. 1998;95:13597–602.

 29. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny 
R, et al. SWISS-MODEL: homology modelling of protein structures and 
complexes. Nucleic Acids Res. 2018;46:W296-303.

 30. Roy A, Kucukural A, Zhang Y. I-TASSER : a unified platform for automated 
protein structure and function prediction. Nat Protoc. 2010;5:725–38.

 31. Kato T, Kumazaki K, Wada M, Taniguchi R, Nakane T, Yamashita K, et al. 
Crystal structure of plant vacuolar iron transporter VIT1. Nat Plants. 
2019;5:308–15.

 32. Laskowski RA, Moss DS, Thornton JM. Main-chain bond lengths and bond 
angles in protein structures. J Mol Biol. 1993;231:1049–67.

 33. Vriend G. WHAT IF: a molecular modeling and drug design program. J 
Mol Graph. 1990;8:52–6.

 34. Webb B, Sali A. Comparative protein structure modeling using MODEL-
LER. Curr Protoc Bioinformatics. 2016;54:5.6.1-37.

 35. Kuntal BK, Aparoy P, Reddanna P. EasyModeller: a graphical interface to 
MODELLER. BMC Res Notes. 2010;3:226.

 36. Zheng H, Cooper DR, Porebski PJ, Shabalin IG, Handing KB, Minor W. 
CheckMyMetal: a macromolecular metal-binding validation tool. Acta 
Crystallogr D Struct Biol. 2017;73:223–33.

 37. Istel F, Schwarzmuller T, Tscherner M, Kuchler K. Genetic transformation of 
Candida glabrata by electroporation. Bio Protoc. 2015;5: e1528.

 38. Haas A. A quantitative assay to measure homotypic vacuole fusion 
in vitro. Meth Cell Sci. 1995;17:283–94.

 39. Jardetzky O. Simple allosteric model for membrane pumps. Nature. 
1966;211:969–70.

 40. Wells TN, van Huijsduijnen RH, Van Voorhis WC. Malaria medicines: a glass 
half full? Nat Rev Drug Discov. 2015;14:424–42.

 41. Zhang M, Wang C, Otto TD, Oberstaller J, Liao X, Adapa SR, et al. Uncover-
ing the essential genes of the human malaria parasite Plasmodium 
falciparum by saturation mutagenesis. Science. 2018;360: eaap7847.

 42. Barber-Zucker S, Shaanan B, Zarivach R. Transition metal binding selectiv-
ity in proteins and its correlation with the phylogenomic classification of 
the cation diffusion facilitator protein family. Sci Rep. 2017;7:16381.

 43. Schuldiner S. Competition as a way of life for H(+)-coupled antiporters. J 
Mol Biol. 2014;426:2539–46.

 44. Yamashita MM, Wesson L, Eisenman G, Eisenberg D. Where metal ions 
bind in proteins. Proc Natl Acad Sci USA. 1990;87:5648–52.

 45. Zheng H, Chruszcz M, Lasota P, Lebioda L, Minor W. Data mining of 
metal ion environments present in protein structures. J Inorg Biochem. 
2008;102:1765–76.

 46. Bozzi AT, Bane LB, Weihofen WA, McCabe AL, Singharoy A, Chipot CJ, et al. 
Conserved methionine dictates substrate preference in Nramp-family 
divalent metal transporters. Proc Natl Acad Sci USA. 2016;113:10310–5.



Page 14 of 14Sharma et al. Malar J          (2021) 20:295 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 47. Jensen WB. The Lewis acid-base definitions: a status report. Chem Rev. 
1978;78:1–22.

 48. Nieboer E, Richardson DHS. The replacement of the nondescript term 
‘heavy metals’ by a biologically and chemically significant classification of 
metal ions. Environ Pollution Ser B Chem Phys. 1980;1:3–26.

 49. Remmert M, Biegert A, Hauser A, Soding J. HHblits: lightning-fast iterative 
protein sequence searching by HMM-HMM alignment. Nat Methods. 
2011;9:173–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Characterization of the substrate binding site of an iron detoxifying membrane transporter from Plasmodium falciparum
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Homology modelling
	Gene synthesis and site-directed mutagenesis
	Transformation of Saccharomyces cerevisiae
	Overexpression of sPfVIT
	Isolation of vacuoles from Saccharomyces cerevisiae
	Yeast complementation assays
	Protein quantitation and western blot analysis

	Results
	Three-dimensional structural model of Plasmodium falciparum VIT (PfVIT)
	The recombinant sPfVIT construct is localized to the yeast vacuole membrane
	Glutamate residues within the cytoplasmic metal binding domain of PfVIT are replaceable
	Methionine at position 161 is crucial for PfVIT function

	Discussion
	Conclusion
	Acknowledgements
	References




