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Solute carrier proteins (SLCs) are membrane proteins controlling
fluxes across biological membranes and represent an emerging
class of drug targets. Here we searched for inhibitors of divalent
metal transporters in a library of 1,676 commercially available
3D-shaped fragment-like molecules from the generated data-
base GDB-17, which lists all possible organic molecules up to
17 atoms of C, N, O, S and halogen following simple criteria for
chemical stability and synthetic feasibility. While screening

against DMT1 (SLC11A2), an iron transporter associated with
hemochromatosis and for which only very few inhibitors are
known, only yielded two weak inhibitors, our approach led to
the discovery of the first inhibitor of ZIP8 (SLC39A8), a zinc
transporter associated with manganese homeostasis and osteo-
arthritis but with no previously reported pharmacology, demon-
strating that this target is druggable.

Introduction

Solute carrier proteins (SLCs) are membrane proteins controlling
fluxes of ions and other molecules across biological membranes
and represent an emerging class of drug targets.[1–3] Herein we
report the identification of small molecule inhibitors of two
divalent metal transporters implicated in a number of diseases,
namely DMT1 (SLC11A2)[4–9] and ZIP8 (SLC39A8),[10–12] for which
few or no modulators are known. DMT1 serves as the key factor
for intestinal absorption of dietary inorganic iron across the
brush border membrane, it plays a central role in whole body
iron homeostasis, and alteration of its activity has been linked

to the development of a wide variety of human diseases,
including iron deficiency anaemia, hemochromatosis, β-thalas-
semia, Parkinson’s disease and Alzheimer’s disease.[7,13–16] In
contrast, the function of ZIP8 is not yet fully defined. However,
it has been shown to be key to maintaining whole body
manganese homeostasis, its genetic variants have been linked
to a wide variety of human pathologies, including schizophre-
nia, scoliosis, obesity or Crohn’s disease,[17–19] and lately it has
gained great interest as a therapeutic target for the treatment
of cartilage and joint diseases.[20–22]

Although little information is available on their structure,
divalent metal transporters possess well defined pockets that
should be suitable for inhibition by small molecules, as recently
shown by the structural characterization of a competitive
inhibitor of DMT1 in complex with a bacterial analog of the
transporter.[23,24] In view of our previous difficulties in identifying
DMT1 inhibitors caused by interfering metal chelation[25] and
the almost complete absence of known inhibitors for such
transporters, we set out to identify small molecule inhibitors
using a fragment-based drug discovery approach. Fragment-
based drug discovery consists in testing a small number of
structurally diverse fragments, defined as rigid small molecules
with few functional groups (Congreve’s rule of 3: MW�300 Da,
H-bond acceptor atoms �3, H-bond donor atoms �3, rotatable
bonds �3, polar surface area �60 Å2), for weak target
interaction to identify initial hits which can later be optimized
for activity.[26–29] In our context, this approach had the advant-
age to be compatible with our activity assays using transfected
HEK293T cells, which have a limited throughput.[30,31]

We composed a fragment collection by selecting commer-
cially available molecules with fragment-like properties appear-
ing in GDB-17, a database of all possible organic molecules up
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to 17 atoms following simple rules of chemical stability and
synthetic feasibility.[32,33] This fragment-based discovery project
allowed us to experimentally challenge GDB-17 as a source of
diverse fragments for screening, thereby significantly extending
our previous drug discovery project with GDB databases,[34,35]

which all had been guided by virtual screening[36] on targets
with known pharmacology such as NMDA receptors,[37] nicotinic
acetylcholine receptors,[38] glutamate transporters[39] and Janus
kinases.[40] As detailed below, design and screening of a GDB-17
derived fragment set resulted in the identification of the
trifluoromethylsulfone 1a and thiophene carboxylic acid 2 as
weak inhibitors of DMT1, and of tetrahydrocarbazole (S)-3 as
the first inhibitor of ZIP8 (Figure 1).

Results and Discussion

Design and properties of a GDB-17 fragment library

While GDB molecules lie well within the size range required for
fragments,[26] most of them are highly functionalized and
structurally too complex to be considered as realistic synthetic
targets. Therefore, we defined subsets containing molecules of
reduced complexity with fragment-like,[41] drug-like[42] or
ChEMBL-like features.[43] To assemble a diverse collection of
GDB-17 fragments for experimental screening, we selected
molecules as follows (Figure 1): 1) starting from commercially
available molecules, retrieve all molecules with up to 17 atoms
and following Congreve’s rule of 3 (Ro3);[26] 2) eliminate reactive
functional groups (FG);[32] 3) select molecules containing at least
one saturated trivalent carbon or quaternary center, a structural

feature present in most GDB-17 molecules but underrepre-
sented in commercial compounds; 4) check that every molecule
selected is indeed present in GDB-17 using a previously
reported GDB-17 search tool.[33] We applied this procedure to
the catalog of a single commercial provider (Princeton
BioMolecular Research, Inc.) and obtained 1,900 fragment-like
molecules from GDB-17. A total of 1,676 of these molecules
were purchased and actually delivered, providing a collection
compatible with our screening capacity for DMT1. To adjust for
our limited screening capacity concerning ZIP8 (see below), we
performed an additional diversity selection of these 1,676 frag-
ments by clustering and minimizing similarities between
nearest neighbors to obtain a smaller subset of 511 fragments.

To assess the properties of our purchased fragments, we
compared them with a random selection of 1,700 fragments
from FDB-17, a database of 10 million fragments selected from
GDB-17,[41] and a second, equally sized random selection from a
cumulated set of 18,151 commercially available fragments up to
a size of 17 heavy atoms (Figure 2). The differences between
purchased, commercial and FDB-17 fragments was visible in a
TMAP (tree-map) layout computed using the MAP4 fingerprint
combining the three compound sets (Figure 2a).[44,45] In this
TMAP, the FDB-17 subset was in large part separated from
purchased and commercial fragments. This difference is caused
by the abundance of 3D-shaped non-aromatic fragments in the
FDB-17 subset, which are typical of GDB molecules but not well
represented among commercially available molecules, including
those in our purchased set. Not surprisingly therefore, the
purchased fragments or its diverse subset shared a slightly
larger fraction of their respective molecular shingles (circular
substructures up to a radius of three bonds)[43,46] with the
commercial fragment subset (44% or 51%) than with the FDB-
17 subsets (42% or 46%) (Figure 2b, shingle counts were
averaged over 10 different random subsets of FDB-17 and
commercial fragments).

Furthermore, our selection rule requiring at least one tri- or
tetrasubstituted tetrahedral atom in each fragment, to avoid
the planarity of commercial fragments,[47,48] did not shift
significantly the histogram of fsp3C (fraction of sp3 carbon
atoms) values towards the high values observed in the FDB-17
random subset (Figure 2c). Comparing the dissimilarity between
nearest neighbors within each set, measured by the Jaccard
distance (dj) using the molecular fingerprint MAP4, showed that
our purchased subset had many pairs of similar compounds
reflecting acquisition from a single commercial provider.
However, our diversity subset of 511 compounds showed
clearly dissimilar molecules as found in the FDB-17 and
commercial fragment sets (Figure 2d).

The purchased fragments had a similar size distribution to
the commercial fragments, while the FDB-17 subset contained
relatively smaller molecules due to its flat size distribution in
the range 12�HAC (heavy atom count)�17 reflecting the
sampling procedure used to assemble FDB-17 (Figure 2e).
Purchased fragments matched commercial fragments in terms
of HBD (hydrogen bond donor atom count, Figure 2f), but their
HBA (hydrogen bond acceptor atoms count) distribution was
closer to the FDB-17 subset (Figure 2g). This difference in HBA/

Figure 1. Assembly of GDB-17 fragment screening set and discovery of
divalent metal transporter inhibitors.
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HBD distribution probably explains the lower polarity of the
purchased fragments compared to commercial fragments and
the FDB-17 subset visible in the CLogP histogram (calculated
octanol:water partition coefficient, Figure 2h).

In summary, this analysis showed that selecting fragments
up to 17 atoms with the conditions that they belong to GDB-17
produced a fragment set resembling commercial fragments in
terms of structural types and molecular property profiles.

Activity screening

To identify DMT1 inhibitors, we screened the entire library of
1,676 GDB-17 fragments, conditioned as 10 mM stock solutions

in DMSO, by monitoring the uptake of radioactive 55Fe in
HEK293 cells stably overexpressing the transporter. We used a
concentration of 10 μM screening compound, which we judged
sufficiently low to avoid non-specific effects on cells but high
enough to indicate even a weak inhibition, as described
earlier.[25] The assay revealed 162 compounds with only weak
activity (15–25%), which were then retested at higher concen-
tration (50 μM) to observe a stronger effect for confirmation. By
repurchasing, purification and retesting, we were able to
confirm the activity of trifluoromethylsulfone 1a (IC50=64.5�
1.1 μM) corresponding to a ligand efficiency of LE=

0.42 kcal.mol� 1,[49] an acceptable value for an initial fragment hit
(Figure 3a). Unfortunately, testing of 13 purchasable analogs of
this hit did not indicate any other active compound, indicating

Figure 2. Comparison of purchased fragments with fragments from FDB-17 and with commercial fragments. (a) TMAP (tree-map) layout of the 1,676
purchased fragments (orange+ red) including its diversity subset of 511 compounds (red) combined with 1,700 randomly selected fragments from FDB-17
(blue) and from commercial fragments (cyan). Each point corresponds to a molecule. The active compounds are shown in magenta. An interactive version of
this TMAP is accessible at https://tm.gdb.tools/fragment_project/tmap/1.7k_pcc_fdb_mcf.html (b) Analysis of molecular shingles from each subset. The
shingle counts are given as the average� standard error across 10 different selections of FDB-17 subsets and commercial fragments. (c) Histogram of fsp3C
(fraction of sp3 carbon atoms). (d) Nearest neighbor similarity analysis in terms of Jaccard distance (dj) according to the molecular fingerprint MAP4. (e–h)
Histograms of HAC (heavy atom count), HBD (hydrogen bond donor atom count), HBA (hydrogen bond acceptor atom count), and CLogP (calculated octanol:
water partition coefficient). The standard error in histogram values across the ten FDB-17 subsets (blue lines) and the ten commercial fragment set (cyan lines)
were below 1% for all histograms and are not shown except for the nearest neighbor Jaccard distance histogram.
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that the relatively weak activity of 1a was highly sensitive to
structural changes (1b–1n, Figure 3b). We also characterized a

second hit, thiophenecarboxylic acid 2, however this compound
showed an even lower potency (IC50=525�65 μM, LE=

Figure 3. Discovery of DMT1 and ZIP8 inhibitors by GDB fragment screening. IC50 curves determined for compounds 1a (a) and 2 (c) using HEK293 cells stably
overexpressing DMT1. Cells were pre-incubated for 5 min in the presence of the indicated concentrations of 1a and 2. Next, radioactive 55Fe2+ was added
(1 μM), and cells were incubated for 15 minutes. Each data point represents the Mean�SD (N=6–8) of the 55Fe2+-uptake determined in the presence of the
indicated compound concentrations. (b) Structure of analogs 1b–1n found to be inactive against DMT1. (d) Representative trace of the Cd2+-flux recorded in
HEK293T cells transiently transfected with ZIP8 or the empty vector. Cd2+-flux was monitored using the FLIPR Calcium 5 Assay Kit. A baseline was recorded for
30 sec, then, cells were incubated for 5 minutes in the presence of rac-3 (50 μM), and finally, Cd2+ (5 μM) was added, and the signal (AU) was recorded for
15 minutes. (e) IC50 curve determined for rac-3 measuring the Cd

2+-uptake in the presence of the indicated compound concentrations. Cd2+-uptake was
determined as the Area Under the Curve (AUC) of the change in florescence intensity observed upon substrate addition (459–750 s). Each data point
represents the Mean�SD (N=6–8) of the AUC determined in the presence of each compound concentration. (f) Calcein quenching assay at pH 7.4. Ligand
(20 μM), Fe2+ (4 μM) and ascorbic acid (400 μM) were preincubated for 5 min. Then, an equal volume of calcein (2 μM) in uptake solution was added to give
the final concentrations of 1 μM calcein, 10 μM rac-3 or bipyridine, 2 μM Fe2+ and 200 μM ascorbic acid, which were incubated for 5 min before the
fluorescence measurement. Data was obtained from an experiment performed in quintuplicate, and results are presented as the Mean�SD. See Supporting
Information for details. (g) Structure of inhibitor rac-3 and analogs 4, 9 and 10. IC50 values in (a), (c) and (e) are the Mean�SD (N=4–6) of the IC50 values
calculated from two independent experiments performed in triplicate.
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0.35 kcal.mol� 1, Figure 3c). These modest results were in line
with previous efforts in our laboratory showing that DMT1
activity screens give a very low hit rate.[31]

To test inhibition of the human zinc transporter ZIP8
(SLC39A8), we established a cell-based assay in HEK293T cells
transiently transfected with ZIP8, detecting uptake of divalent
cadmium with the FLIPR Calcium 5 Assay Kit (Figure 3d). This
assay was adapted from a previously published assay for the
related ZIP2 using transient transfection because stably express-
ing the transporter is toxic to the cells.[50,51] Due to the limited
throughput of screening using transiently transfected cells, we
performed activity assays with the smaller, diversity selected
subset of 511 GDB-17 fragments rather than the entire set and
tested directly at a higher concentration (50 μM) to not miss
any activity. A first round of screening resulted in 95 com-
pounds with an inhibition of the cadmium flux greater than
50%. Secondary screening of these initial hits at 25 μM followed
by re-screening of fresh solutions of the 10 best secondary hits
resulted in tetrahydrocarbazole rac-3 as a confirmed inhibitor
(IC50=15.5�1.2 μM, Figure 3e).

The relative positioning of the two amines in rac-3 suggests
that the observed iron uptake inhibition might reflect metal
chelation as reported recently for pyrazolyl-pyrimidones.[25] To
exclude this possibility, we performed a calcein competition
assay, where the quenching of calcein fluorescence indicates
the presence of free Fe2+. In contrast to the positive control
bipyridine, we could not detect any significant level of iron
chelation by rac-3 (Figure 3f). Additionally, attempts to detect
iron complexation by 1H-NMR were unsuccessful.

A survey of twenty-one close analogs of rac-3 (compounds
4–24, Supporting Information Figure S1), which were either
retrieved from the complete set of 1,676 fragments or pur-
chased additionally, revealed three analogs with comparable
although slightly lower potency than rac-3, showing that the
chloro substituent could be replaced by bromo, and that the
amino group was essential for inhibition but could be placed
slightly differently in the molecule (4, 9 and 10, Figure 3g and
Supporting Information Figure S2a).

Characterization of the ZIP8 inhibitor

To evaluate the specificity of rac-3, we tested its inhibitory
activity with other human divalent metal transporters available
in our laboratory, including DMT1, ZIP2 and ZIP14 (Figure 4a).
Using the Cd2+-uptake fluorescence-based assay, we observed
that DMT1 was not inhibited by 50 μM rac-3. However, while
ZIP2 was only weakly inhibited, rac-3 inhibited ZIP14 as strongly
as ZIP8 (IC50=10.57�0.54 μM). This cross-inhibition probably
reflects the fact that ZIP8 and ZIP14 are evolutionary closely
related proteins and belong to the same subfamily within the
ZIP family.

We performed an enantioselective synthesis of (R)-3 and (S)-
3 by reductive amination from the parent ketone 25 with (R)- or
(S)-α-methylbenzylamine to form the corresponding amine (R)-
26 or (S)-26 stereoselectively followed by hydrogenation using
a previously reported procedure.[52] Testing the individual

enantiomers showed that (S)-3 inhibited ZIP8 slightly stronger
than (R)-3 (Figure 4b and Supporting Information Figure S2b).
Considering that the chiral center in 3 is adjacent to the primary
amino group, the low enantioselectivity was in line with the
SAR study discussed above showing that analogs with a
differently placed amino group (9 and 10, Figure 3g) retained
activity against ZIP8. Both enantiomers of 3 also inhibited ZIP14
to a similar extent.

To test if the effect of rac-3 on ZIP8 indeed affected the
transport of divalent metal ions into cells, we tested the
expression of MT2A, a metal detoxification gene that is normally
activated if cells are exposed to high levels of divalent metal
ions, in the presence or absence of our inhibitor and 10 μM
Zn2+. Indeed, expression of the MT2A gene upon exposure to
zinc was strongly down-regulated in the presence of rac-3,
confirming that our inhibitor strongly reduced divalent metal
ion uptake into the cells (Figure 4c).

The presence of a primary amine and a tetrahydrocarbazole
ring system in rac-3 suggested that our inhibitor might also
interact with neurotransmitter receptors and transporters. To
explore the activity profile, we used our polypharmacology
browser PPB2 to predict possible off-targets,[53,54] and tested
eight of the suggestions experimentally with the more active
enantiomer (S)-3. The experiment revealed significant activity
(>50% inhibition at 10 μM) for four targets, namely the
serotonin transporter, hERG, the dopamine transporter and the
serotonin receptor 5-HT2 A (Table 1). (R)-3 was also tested for
hERG and serotonin transporter and showed similar cross-
reactivity.

Conclusion

In summary, we used a fragment-based drug discovery
approach to identify inhibitors of DMT1 (SLC11A2) and ZIP8
(SLC39A8), two divalent metal transporters implicated in
important human diseases but with almost no reported

Table 1. Off-target profiles of ZIP8 inhibitor 3.

Target[a] Inhib. [%]

5-HT transporter (h) (antagonist radioligand) 89.2�0.8
(98.4�0.6)[b]

Potassium Channel hERG (h)- [3H] Dofetilide 72.5�0.07
(54.2�1.8)
[b]

5-HT2A (h) (agonist radioligand) 55.6�1.7
Dopamine transporter (h) (antagonist radioligand) 54.6�1.0
Ca2+ channel (L, dihydropyridine site) (antagonist radioli-
gand)

48.9�7.3

5-HT2A (h) (antagonist radioligand) 38.1�5.4
5-HT6 (h) (agonist radioligand) 31.6�5.7
5-HT1A (h) (agonist radioligand) 13.2�0.9
5-HT3 (h) (antagonist radioligand) 8.2�0.4

[a] The effect of (S)-3 was measured at 10 μM in a radiolabelled
displacement assay using an agonist or an antagonist specific of each
target. Assays were performed by Eurofins Cerep (France). Any inhibition
of the control specific binding higher than 50% was considered
significant. Data are shown as a mean of two experiments. h, human. [b]
Data for (R)-3.
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pharmacology. We designed our fragment library by selecting
fragment-like molecules occurring in the generated database
GDB-17 and containing at least one tri- or tetravalent tetrahe-
dral center to increase 3D-shape as a proof-of-concept experi-
ment to exploit GDB-17 for drug discovery.

Screening uncovered compounds 1a and 2 as two weak
inhibitors of DMT1, as well as rac-3 as the first case of an
inhibitor of ZIP8. A structure-activity relationship study around
rac-3 showed that this inhibitor is slightly more active as single
enantiomer (S)-3. The identification of (S)-3 as the first inhibitor
of ZIP8 by a limited fragment-based screening approach
suggests that this target is druggable. While exhibiting excellent
selectivity against DMT1 and ZIP2, (S)-3 showed significant
cross-reactivity with ZIP14, a close analog of ZIP8 which might
also represent a therapeutic target,[55,56] as well as significant off-

target effects typical of aliphatic amines with aromatic sub-
stituents. Additional screening efforts for analogs of (S)-3 or
from a larger diverse library will be necessary to identify further
inhibitors with higher activity and selectivity.

Experimental Section

Cheminformatics

All structures were converted into their major microspecies at
pH 7.4 with the ChemAxon tool cxcalc (19.22.0) and successively
stored as achiral, canonized SMILES strings using rdkit (2019.03.4).

Selection of purchasable GDB-17fragments. Starting from 952,071
compounds in the catalog of Princeton BioMolecular Research, we

Figure 4. Characterization of ZIP inhibition by rac-3. (a) Average Cd2+-flux recorded in the absence or presence of rac-3 in HEK293T cells transiently
transfected with DMT1, ZIP2, or ZIP14. Cd2+-uptake was determined as the Area Under the Curve (AUC) of the change in florescence intensity observed upon
substrate addition. Results were expressed as % of the Cd2+-flux recorded in the absence of rac-3. Data from three independent experiments performed in
triplicate are represented as Mean�SD (N=12–33). (b) Enantioselective synthesis and activity of (R)-3 and (S)-3. Conditions: a) i) (S)-α-methyl-4-
methoxybenzylamine, conc. aq. HCl, toluene, reflux overnight, ii) NaBH4, EtOH, � 30 °C – RT, overnight, iii) HCl, MeOH, toluene, RT, 60 min. (59%); b) same as a)
using (R)-α-methyl-4-methoxybenzylamine (66%); c) BCl3, CH2Cl2, 10 °C, overnight (R: 18%, S: 47%). (c–d) detoxification gene expression assay with ZIP8 and
ZIP14. MT2A gene expression in HEK293T cells transiently transfected with ZIP8 (blue, left panel), ZIP14 (green, right panel) or the empty vector (EV, red)
treated for 2 hours with the indicated solutions. Expression of MT2A mRNA was determined by Real-Time PCR. Obtained Ct values for MT2A gene were
normalized to the housekeeping gene GAPDH following the ΔCt method. Data was obtained from 5 independent experiments performed in triplicate, and
results are presented as the Mean�SD (N=10–13). Statistical differences were determined by t-test or Mann-Whitney U test ((a) Cd2+ vs Cd2+ + rac-3; (c–d)
Zn2+ (10 μM) vs. each other condition), p values are indicated on top of the corresponding graphs.
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applied filters for fragment-likeness (MW�300, HBD�3, HBA�3,
CLogP�3, rotatable bonds �3, topological polar surface area
�60 Å), leaving 30,328 molecules. We then applied filters to
remove reactive groups (epoxides, aziridines, maleimide, alde-
hydes), and only retained molecules with at least one tri- or
tetravalent sp3 center, leaving 4,366 molecules. Checking for actual
presence in GDB-17 left 1,900 molecules, 1,676 of which were
purchased and delivered after ordering.

TMAP generation and nearest neighbor analysis. Commercial
fragments of four different libraries were collected and structures
with HAC>17 were discarded. (Asinex, Enamine discovery diversity,
Enamine sp3-rich and Life Chemicals ultimate fragments). A random
sample of 1,700 compounds was generated comprising equal parts
of each library. Another 1,700 molecules were randomly sampled
from FDB-17. Together with the 1,676 acquired compounds, a
TMAP was generated based on calculated MAP4 fingerprints
(1024 dimensions) with the respective software components that
were previously developed in our group.[45,46] A nearest neighbor
search was performed using LSH forests for each separate data set.
All molecules were queried for their 50 approximate nearest
neighbors, followed by a linear scan for the 10 best results among
them. The latter were binned by Jaccard distance.

Molecular shingle analysis. Two times ten random samples of
1,700 from commercially available fragments and FDB-17 were
made in the same way as described for the TMAP generation.
Unique, circular molecular substructures (shingles) up to distance 3
were extracted using the rdkit and a ten-fold cross-validation was
performed: At each step, shingles of one of the commercial
fragments and FDB-17 samples were compared with those from the
acquired compounds.

Chemistry

The selected GDB-17 fragments were purchased as 1 mg solid
samples from Princeton BioMolecular Research, Inc. and dissolved
as ca. 10 mM stock solutions in DMSO for screening. The purity of
the active hits was checked by LC-MS. They were then repurchased
in higher amount (usually 25 mg), purified if needed, and analyzed
by NMR and HR-MS. The purity was determined by RP-UPLC at
214 nm. Characterization of all purchased compounds and the
synthesis of (S)-3 and (R)-3 are described in the Supporting
Information.

Biology

Reagents and chemicals were purchased from Merck unless
otherwise stated.

Cell culture. HEK293T cells (ATCC) were used for transient trans-
fection. In previous studies, our laboratory generated a HEK293 cell
line (ATCC) stably overexpressing pIRES2 DsRed-Express2-
DMT1.[30,31] This cell line has been used for the herein described
experiments targeting DMT1. Both cell lines were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium
pyruvate and 100 μM minimal essential medium (MEM) nonessen-
tial amino acids under standard cell culture conditions (37 °C, 95%
humidity and air containing 5% CO2). Additionally, the media used
to culture the HEK293 cells stably overexpressing DMT1 was also
supplemented with 500 μg/mL geneticin (Life Technologies).

Cloning human ZIP8 and ZIP14. Human ZIP8 ORF clone (NCBI
Reference Sequence: NM_022154.5) with a C-terminal TurboGFP tag
cloned in pCMV6-AC-GFP vector was purchased from OriGene
(Catalogue #RG204200). After PCR amplification, human ZIP8 was

subcloned into the pIRES2 DsRed-Express2 vector (Takara Clontech)
without the TurboGFP tag. C-terminally eGFP-tagged human ZIP14
in pEGFP-N3 vector was purchased from Addgene (Plasmid
#104380). Human ZIP14 was PCR amplified without the eGFP tag
and subcloned into the pIRES2 DsRed-Express2 vector (Takara
Clontech).

Transient transfection. HEK293T cells were seeded to achieve an
80% of cell confluency on the day of transfection. Before the
seeding, plates were coated with poly-D-lysine. When using 96-well
plates, 100 μL of DMEM medium containing 30,000 cells were
added into each well. When using 6-well plates, 2 mL of DMEM
medium containing 1 million cells were added into each well. Cells
were left in culture for 24 hours, and then, transfected using
Lipofectamine 2000 (Life Technologies) as described in the protocol
provided with the reagent. DNA constructs used for transient
transfection were the following: pIRES2 DsRed-Express2-DMT1,
pIRES2 DsRed-Express2-ZIP2, pIRES2 DsRed-Express2-ZIP8, pIRES2
DsRed-Express2-ZIP14 or just the backbone pIRES2 DsRed-Express2
vector, named as the empty vector (EV).[30,31,50,51]

Radioactive 55Fe uptake assay. HEK293 cells overexpressing DMT1
were seeded in clear bottom, white-well, 96-well plates (Corning) at
a density of 50,000 cells/well and kept in culture for 24 hours.
Before the experiments, the culture media was removed and the
cells were washed 3 times with the uptake buffer (140 mM NaCl,
2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1.2 mM K2HPO4, 10 mM
glucose, 5 mM HEPES, 5 mM MES, pH 7.4). Then, the cells were pre-
incubated for 5 minutes in the presence of 100 μL uptake buffer
(pH 5.5, adjusted with 1 M HCl) containing the indicated amounts
of the different compounds under study. Next, 10 μL of (10X)
uptake solution supplemented with 1 mM ascorbic acid, 10 μM
non-radioactive ferrous iron and 0.5 μCi radioactive 55Fe (American
Radiolabeled Chemicals) were added, and the cells were incubated
for additional 15 min. Incubation steps were conducted at room
temperature. Finally, the solution containing the radioactive 55Fe
iron was removed and the plate was washed 3 time with ice-cold
uptake solution (pH 7.4). To determine the iron content, 100 μL of
scintillation cocktail Mycrosinth 20 (PerkinElmer) were added to
each well, and the plates were incubated for an hour under
constant agitation at room temperature. Radioactivity was meas-
ured as counts per minute (cpm) with a TopCount Microplate
Scintillation Counter (PerkinElmer). Influx rate was determined
using the following equation:

influx rate ¼
counts=well cpmð Þ � non radiolabelled iron½ � pMð Þ

total counts cpm=Lð Þ � uptake time minð Þ

Iron uptake was measured in the presence and absence of the
tested compounds. To determine the uptake in the absence of
compound, cells were pre-incubated 5 min with uptake buffer
containing DMSO at the same % as the tested compounds were
dissolved (<0.5%). Data were expressed as percentage of the
average iron uptake measured in the absence of the compound in
each individual experiment.

Real-time fluorescence imaging. HEK293T cells were seeded in
clear bottom, black-well 96-well plates (Corning) and transfected
with the indicated DNA constructs as previously described. 24 hours
after the transfection, culture media was removed and cells were
loaded with 50 μL of fluorescent dye dissolved in calcium free
uptake buffer (117 mM NaCl, 4.8 mM KCl, 1 mM MgCl2, 10 mM
glucose, 10 mM HEPES, pH 7.4) according to the manufacturer’s
protocol for FLIPR Calcium 5 Assay Kit (Molecular Devices). After
1 hour of incubation, real-time fluorescence measurements were
conducted using the FLIPR Tetra fluorescence microplate reader
(Molecular Devices) as described previously.[30] Samples were
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excited using a 470–490 nm LED module, and the emitted
fluorescence was detected with a 515–575 nm emission filter.
Obtained recordings were monitored and analyzed using the
ScreenWorks 3.1.2.002 software (Molecular Devices). Briefly, base-
line fluorescence signal was recorded for 50 s, then, 50 μL of the
uptake solution containing the indicated amounts (3X) of the
different compounds under study were added and the plate was
incubated for 5 min. Finally, 50 μL of uptake solution containing
15 μM Cd2+ was added and changes in the fluorescence intensity
were recorded during additional 15 minutes. Cells were kept at
37 °C throughout the measurements. Changes in fluoresce intensity
were quantified as the Area Under the Curve (AUC) of the
fluorescence intensity for a given period of time (459–750 s). Within
each experiment, fluorescence intensity was determined in the
absence and presence of the different compounds under study,
inhibition by each of the compounds was expressed as the
percentage of the average fluorescence intensity determined in the
absence of the compounds. To determine the fluorescence intensity
in the absence of compound, the cells were pre-incubated for
5 min with uptake solution containing the same % of DMSO as the
compounds (<0.5%). Non-specific fluorescence was determined in
non-transfected cells, and the obtained average fluorescence value
was subtracted from the signal recorded in the transfected cells,
prior to the data normalization.

Dose-response curves. Substrate uptake by the indicated protein
transporters was measured in the presence of a range of
concentrations of the indicated compounds using either of the
previously described functional assays. The obtained curve was
analyzed by a 4-parameter logistic model.

E Dð Þ ¼ E1þ
E0 � E1

1þ D½ �
IC50

� �

E(D) is the measured parameter, [D] is the drug concentration, IC50

is the concentration of drug at which the half of the maximal
inhibition is reached, E0 and E1 are the top and bottom
asymptotes of the response curve.

Real time qRT-PCR. HEK293T cells were seeded in 6 well plates and
transfected with the indicated DNA constructs as previously
described. 24 hours after transfection, the medium was removed
and the cells were washed with uptake buffer (140 mM NaCl,
2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1.2 mM K2HPO4, 10 mM
glucose, 10 mM HEPES, pH 7.4). Then, cells were incubated in the
presence and absence of the indicated 50 μM compound together
with 10 μM ZnCl2 dissolved in uptake buffer for 2 hours at 37 °C.
After the incubation time, media was removed, cells were washed
with PBS and total RNA was extracted using Trizol® reagent as
described in the manufacturer’s protocol (Invitrogen). Isolated RNA
was retro-transcribed into cDNA using the Taqman® Reverse
Transcription kit (Life Technologies). Real-time PCR was performed
using pre-synthesized Taqman®-based Assays-On-Demand (Life
Technologies) on an ABI ViiA 7 System (Thermo Fisher Scientific).
The following Taqman® assays were used: MT2 A (Hs02379661_g1)
and GAPDH (Hs02786624_g1). Cycle threshold (Ct) values for the
different experimental replicates were averaged, and the amounts
of mRNA of each gene under study were normalized to the
expression of GAPDH by using the ΔCt method.

Statistics. Results are presented as the Mean�Standard Deviation
(SD). Normal distribution of the data sets was assessed using the
Kolmogorov-Smirnov (<50 values) and Shapiro-Wilk tests (>50 val-
ues). Data sets showing a normal distribution were statistically
compared using the unpaired t-test, while for those data sets not
showing a normal distribution, the statistical comparisons were

carried out using the Mann-Whitney test. Statistical tests were
conducted using the IBM SPSS statistics 20 software.

Calcein quenching assay. Calcein (20 mM) was dissolved in 1 M
NaOH and diluted to 2 μM with uptake solution (140 mM NaCl,
2.5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 1.2 mM K2HPO4, 10 mM
glucose, 5 mM HEPES, 5 mM MES, pH 7.4). Stock solutions of rac-3
(10 mM) and bipyridine (10 mM), as positive control, were prepared
in MeOH and further diluted to 40 μM with uptake solution. A stock
solution of FeSO4 · 7 H2O (4 mM) with ascorbic acid (400 mM) was
prepared and diluted to 8 μM with uptake solution. Solutions of
uptake solution with Fe2+ and with or without rac-3 or bipyridine
were prepared in quintuple and incubated at 37 °C for 5 minutes
before centrifugation (4000 rpm, 3 minutes). Next, an equal volume
of calcein was added to give the final concentrations of 1 μM
calcein, 10 μM rac-3 or bipyridine, 2 μM Fe2+ and 200 μM ascorbic
acid. The solutions were transferred into a clear bottom, black-well
96-well plate (Corning) and incubated in the dark at 37 °C for
5 minutes. Fluorescence was measured on Tecan M1000 Plate
Reader with the excitation wavelength at 495 nm and emission at
515 nm.
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