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Crystal structure of a SLC11 (NRAMP) transporter reveals
the basis for transition-metal ion transport

Ines A Ehrnstorfer!, Eric R Geertsmal*4, Els Pardon®3, Jan Steyaert?? & Raimund Dutzler!

Members of the SLC11 (NRAMP) family transport iron and other transition-metal ions across cellular membranes.

These membrane proteins are present in all kingdoms of life with a high degree of sequence conservation. To gain insight into
the determinants of ion selectivity, we have determined the crystal structure of Staphylococcus capitis DMT (ScaDMT), a close
prokaryotic homolog of the family. ScaDMT shows a familiar architecture that was previously identified in the amino acid
permease LeuT. The protein adopts an inward-facing conformation with a substrate-binding site located in the center of the
transporter. This site is composed of conserved residues, which coordinate Mn2+, Fe2* and Cd2+ but not CaZ*. Mutations of
interacting residues affect ion binding and transport in both ScaDMT and human DMT1. Our study thus reveals a conserved
mechanism for transition-metal ion selectivity within the SLC11 family.

Iron is the most abundant trace element in mammals. As a cofactor
of proteins, it plays an important part in different processes ranging
from oxygen transport to the catalysis of redox reactions. Owing to the
essential role of iron in metabolism and the harm caused by its uncon-
trolled accumulation in the body, uptake and storage of iron is tightly
regulated. In vertebrates, the transport of free iron into the cytoplasm
is catalyzed by members of the solute carrier 11 (SLC11) family2.
These secondary active transporters are found in all kingdoms of life,
with a high degree of sequence conservation®. The human genome
encodes two SLC11 transporters (also known as natural resistance-
associated macrophage proteins (NRAMPs)): SLC11A1 (NRAMP1)4
and SLC11A2 (NRAMP2 or DMT1)°. Whereas NRAMP1 is expressed
in the phagosomes of macrophages, where it has an essential role in
host defense against pathogens®, the divalent metal-ion transporter
DMT1 is broadly expressed in the duodenum, kidney, brain, testis and
placenta’. Malfunction of either protein is associated with iron storage
diseases® and a decreased resistance against bacterial infections®. With
respect to function, DMTT1 is the most thoroughly characterized family
member!®. The protein catalyzes the cotransport of protons and
divalent transition-metal ions such as Fe2*, Mn2* and Cd?2*, whereas
Zn?* is a poor substrate>!!. The alkaline earth metal ions Ca?*
and Mg?* are not transported!?; this is important because their high
concentration in the duodenum would interfere with the absorption
of Fe?*. DMT1 is the main route for import of Fe>* and potentially
also of Mn?* into the human body, but it is also responsible for the
uptake of toxic metals such as Cd?* (refs. 13,14).

In bacteria, SLC11 transporters catalyze the import of Mn?* because
iron is usually transported either as complex with siderophores or
porphyrins!>!6. Functional characterization and the high sequence
homology suggest that bacterial SLC11 homologs share architecture

and substrate specificity with their eukaryotic counterparts and thus
work by similar transport mechanisms. On the basis of hydropathy
analysis, SLC11 transporters are supposed to contain 11 or 12 trans-
membrane helices with the N terminus located in the cytoplasm!”.
Although SLC11 proteins were recently predicted to share features
with a class of transporters including the amino acid transporter
LeuT!8-20, detailed structural information on the family has been
absent so far.

We were interested in the mechanism of how divalent transition-
metal ions are selectively transported across the membrane, whereas
other divalent ions, such as Ca2*, are excluded. To address this
question, we have determined the structure of a prokaryotic SLC11
transporter, ScaDMT, by X-ray crystallography and have studied its
functional properties by isothermal titration calorimetry (ITC) and
transport assays. We have also exploited ScaDMT’s homology to
mammalian family members in our characterization of site-directed
mutants of human DMT1 by two-electrode voltage-clamp electro-
physiology. Our study reveals a framework for an important class
of membrane transporters, and it provides insight into the struc-
tural basis of the transition-metal ion selectivity that is conserved
within the family.

RESULTS

Functional characterization of ScaDMT

To identify a SLC11 transporter with suitable properties for structural
studies, we cloned 105 close prokaryotic homologs with the fragment-
exchange (FX) cloning technique?! and investigated their expression
properties in small-volume cultures. Our broad screen allowed us to
single out a transporter from the bacterium S. capitis (ScaDMT) as a
protein with superior expression levels and high stability. ScaDMT is
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Figure 1 Transition-metal ion binding and transport. (a) Cd2+ binding to ScaDMT (left) and ScaDMT!"U (right), as determined by ITC. Top graphs, heat
absorbed upon injection of Cd2* to the experimental chamber containing the respective protein. Bottom graphs, fit of the integrated and corrected
heat to a binding isotherm (red line). The exponent n was constrained between 0.9 and 1.1. (b) Left, ScaDMT-mediated transport of Mn2+ into
proteoliposomes, showing time-dependent quenching of calcein inside the vesicle, in response to the application of 300 uM Mn2* to the external
medium. Addition of Mn2+ and the ionophore calcimycin (Cal) is indicated at top. A control trace from liposomes devoid of protein is shown in black.
Right, ScaDMT-mediated transport of Cd2+ into proteoliposomes, showing time-dependent increase of the fluorescence of fura-2 inside the vesicle,
upon addition of 200 uM Cd2* to the external medium. A control trace from liposomes devoid of protein is shown in black. (¢) ScaDMTtrU-mediated
transport of Mn2+ (left) and Cd2+ (right) into proteoliposomes. Procedures are as in b.

highly homologous to human DMT1. The protein contains 448 amino
acids, of which 37% are identical and 59% are homologous to those
in its human counterpart (Supplementary Fig. 1). The biggest differ-
ences between the two proteins are found in their termini, which are
both longer in DMT1. Whereas the 36-amino acid extension on the N
terminus of DMT1 is predicted to be unstructured, the 59 additional
residues on the C terminus encode an additional transmembrane
helix. When purified in the detergent n-decyl-B-p-maltoside (DM),
ScaDMT is monomeric as determined by multiangle light scattering
(MALS; Supplementary Fig. 2a—e).

To characterize the interaction of the transporter with divalent cations,
we investigated ion binding to the detergent-solubilized protein by
ITC. ScaDMT binds the divalent transition-metal ion Cd?*, which
has previously been shown to be transported by different pro- and
eukaryotic family members>!6, with micromolar affinity (K4 =29
10 uM error of fit; Fig. 1a). We assayed transport with ion-selective
fluorophores after reconstitution of the transporter into liposomes
(Supplementary Fig. 2f). The time-dependent decrease of the
fluorescence after the addition of Mn?* and the fluorescence
increase upon addition of Cd?* indicates transport of these ions into
proteoliposomes, whereas we observed no fluorescence change for
liposomes devoid of protein (Fig. 1b). When taken together, our
results demonstrate that ScaDMT binds and transports Cd?* and
Mn?*. This functional resemblance to mammalian DMT1 underlines
the close relationships within the SLC11 family and distinguishes
ScaDMT as a valuable model system for understanding transition-
metal ion transport.

ScaDMT structure

To learn more about the structural basis of transport, we determined
the structure of ScaDMT by X-ray crystallography. Crystallization
experiments on the full-length protein allowed us to obtain crystals
diffracting to a resolution of 6.5 A (Table 1), which we could not

further improve. In an attempt to obtain better-diffracting crystals,
we systematically screened shorter constructs of the transporter and
generated nanobodies?? by immunization of llamas and used the nano-
bodies for cocrystallization with the membrane protein. In the shortest
construct, termed ScaDMT we removed 41 amino acids from the
N terminus, including 17 residues of the first predicted transmembrane
helix (Supplementary Fig. 1). This construct was stable, and it transported
Cd?* and Mn?* and bound Cd?* with similar affinity (K4 =37 £ 8 uUM)
to that of wild type, thus ensuring that the functional properties
of the truncated protein were retained (Fig. 1a,c). A complex of
ScaDMT"" with a nanobody, which recognizes both the full-length and
the truncated membrane protein and which promotes dimerization
in solution, allowed us to identify crystals with superior diffrac-
tion properties that permitted structure determination at 3.1 A by
the selenomethionine single-wavelength anomalous dispersion
(SAD) method (Supplementary Figs. 2 and 3 and Table 1). Crystals
were of space group P3,21 with two copies of the ScaDM T"!-nanobody
complex in the asymmetric unit (Fig. 2a). Both copies were related by
two-fold noncrystallographic symmetry (NCS) and buried 1,190 A2
of the combined molecular surface of the membrane protein and
960 A2 of the nanobody. Despite the comparably large interaction
interface, the two-fold relationship is not likely to represent the
oligomeric state of the protein in the membrane because both
transporters are tilted with respect to the NCS axis. The nanobody
binds to a region exposed to the periplasmic side of the trans-
porter, where it is involved in extensive intermolecular contacts
(Supplementary Fig. 4 a,b).

ScaDMT contains 11 transmembrane helices, some of which are
bent or interrupted by short loops (structure and topology in Fig. 2).
Its N terminus is located in the cytoplasm, and its C terminus is
located on the periplasmic side. The first five o.-helices are structur-
ally related to the following five o.-helices by an approximate two-fold
rotation around an axis located in the center of the membrane and
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Table 1 Data collection and refinement statistics

close to the substrate-binding site are well

ScaDMT!ru— ScaDMT!— defined (Supplementary Fig. 3). It is note-

nanobady SeMet nanobody Mn?* ScaDMT worthy that in the inward-facing conforma-

Data collection tion of LeuT, this part of the helix interacts
Wavelength (A) 1.0 0.9795 1.8940 1.0 only loosely with the rest of the protein?®.
Space group P3,21 P3,21 P3;21 P3,21 Electron density of full-length ScaDMT
Cell dimensions crystallized in the absence of a nanobody
a, b, c(h) 114.4,114.4,257.9 114.6,114.6,257.6 114.1,114.1,257.4 151.8,151.8,157.3 at 6.5 A shows an unaltered conformation
o, B,y 90.0, 90.0, 120.0  90.0, 90.0, 120.0 90.0, 90.0, 120.0  90.0, 90.0, 120.0 with residual electron density for o-helix 1a
Resolution (A) 50-3.1(3.3-3.1) 50-3.6(3.8-3.6) 50-3.4(3.6-3.4) 50-6.5(6.7-6.5) located at the equivalent position as found in
Rimerge 6.0 (120) 11.2 (142) 8.1(127) 11.7 (169) LeuT; this underlines that neither the trunca-
I/ol 21.0(2.1) 19.3(3.2) 19.0(2.4) 11.1(2.1) tion of the N terminus nor the binding of the
Completeness (%) 99.6 (98.2) 100.0 (100.0) 99.9 (100.0) 94.9 (89.5) nanobody perturbed the ScaDMT"" struc-
Redundancy 9.5(15.2) 22.0(22.5) 9.6 (9.4) 12.9(12.3) ture (Supplementary Fig. 5 and Table 1).
Refinement Although we grew the crystals in conditions
Resolution (A) 20-3.1 20-3.4 20-6.5 containing a high (200 mM) concentration of
No. reflections 35,850 27,349 3,803 Ca?*, we did not observe specific binding of
Ruor/ Rives 250/28.5 26.0/28.5 27.90/33.4 this ion in the 2F, - F, electron density of the
No. atoms refined model and in anomalous difference
Protein 7.948 7.048 electron density maps collected at appropri-
Ligand/ion 5 ate wavelengths, results suggesting that the
B factors protein shows a substrate-free conformation
Protein 139 148 (Fig. 3c and Supplementary Fig. 3d). The
Ligand/ion 194 structure of ScaDMT reveals the detailed
r.m.s. deviations architecture of SLC11 transporters, and it
Bond lengths (A) 0.003 0.003 confirms the relationship between family
Bond angles () 0.75 0.69 members and a diverse class of secondary

Values in parentheses are for highest-resolution shell. SeMet, selenomethionine.

running parallel to its plane (Fig. 2b,c). The organization of sub-
domains as inverted repeats of five transmembrane helices places
SLC11 proteins among transporters sharing a conserved protein fold
that was initially observed in the amino acid transporter LeuT'8 and
was later found in several other transporter families?3-28, As in these
transporters, the first helix of each repeat (i.e., o-helices 1 and 6 in
ScaDMT) is unwound in the center of the membrane, thus provid-
ing residues for the coordination of the transported substrates. In
the crystal structure, the protein adopts an inward-facing conforma-
tion that is similar to the corresponding conformations observed for
LeuT? and the sodium/galactose transporter vSGLT?® (with r.m.s.
deviations of transmembrane helices of 3.2 A and 3.9 A respectively;
Supplementary Fig. 4c,d). Pronounced structural differences are
present in the ion-binding region, where the small size of the trans-
ported substrate of ScaDMT requires the
proximity of coordinating residues. Owing to
the truncation at the N terminus, the first half
of o-helix 1 is absent, whereas the residues

Figure 2 ScaDMT structure. (a) Ribbon
representation of the dimeric ScaDMTtru—
nanobody complex crystallized in Ca2+
(ScaDMTtru—Ca2+). The view is perpendicular

to the two-fold noncrystallographic symmetry
axis. (b,c) Topology (b) and structure (c) of
ScaDMT!"Y, The two related halves of the protein
are colored in brown and blue, and helix 11 is
colored in magenta. Helices are represented as
cylinders, and their numbers are labeled. In the
topology, the bound ion is indicated by a gray
sphere. Figures 2-4 were prepared with DINO
(http://www.dino3d.org/).

active transporters, as previously postulated
from sequence analysis!®-20.

lon-binding site

Because the ion binding properties of ScaDM T are fully preserved,
we used the structure to investigate the interaction with different
mono- and divalent cations by X-ray crystallography. Strong anomalous
difference density in a data set of a crystal soaked in Mn?* shows
binding of the ion to a single site that is accessible from the cytoplasm
and located at the unwound parts of a-helices 1 and 6 in the center
of the membrane (Fig. 3a). Whereas the bound metal ion is well
defined, the present resolution of the data does not allow conclusions
on the presence of ordered water molecules to be made. Ion binding
did not induce any noticeable conformational changes, because the
structures of both the complexed and the uncomplexed protein are
virtually identical (Fig. 3b,c). Mn?* is coordinated by the carbonyl
oxygen of the peptide bond connecting residues 223 and 224 at the
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Figure 3 lon coordination. (a) Ribbon
representation of a single transporter in the
ScaDMTtU—nanobody structure in complex with
Mn2+ (ScaDMT!U-MnZ2+). The color coding of
the protein is as in Figure 2b. The anomalous
difference density of Mn2+ (calculated at 3.5 A
and contoured at 130) is shown as gray mesh.
(b—d) Close-up view of the ion-binding site of
ScaDMT. Sections of the protein are shown as
Ca trace with selected main chain and side
chain atoms as sticks. The refined Mn2+ ion

is shown in gray. (b) ScaDMTtU—Mn2+ with
anomalous difference density of Mn2+ (contoured
at 13c) shown as gray mesh and the refined
2F, — F. density (contoured at 1o) as cyan
mesh. (c) ScaDMT!U-Ca2*. The refined

2F, — F. density (contoured at 1o, cyan) does

ARTICLES

D49

M226

not show any density of bound ions. (d) Transition-metal ion coordination within the binding site. Interactions are indicated by dashed lines.
Approximate ion-protein distances: Mn2+-0 (backbone, Ala 223), 2.2 A; Mn2+-S (Met 226), 2.7 A; Mn2+-0 (Asp 49), 2.3 A; Mn2+-0 and Mn2+-N (Asn

52), 2.9 and 3.5 A, respectively. The Mn2+ ion is shown as a gray sphere.

C-terminal end of a-helix 6a; the side chain of Met226 of the same
helix; and side chains of Asp49 and Asn52 from the close-by o.-helix 1
(Fig. 3d). The coordinating atoms, arranged in an approximately
planar geometry, provide predominantly hard oxygen ligands along
with a soft thioether sulfur ligand. Residues contributing to ion-side
chain interactions are strongly conserved within the family, and they
are identical in ScaDMT and human DMT1 (Supplementary Fig. 1).
Our structural studies thus allowed us to identify a conserved binding
mode for divalent transition-metal ions that is likely to be shared by
all family members.

Because SLC11 transporters are selective for certain transition-
metal ions, we were interested in whether the observed transport
behavior would be reflected in the ion-coordination properties of the
binding site. We hence collected data for ScaDMTW" crystals soaked
in solutions containing different mono- and divalent cations, detected
by anomalous scattering properties (Supplementary Table 1). In that
way, we identified Fe>*, Co?*, Ni?*, Cd?* and Pb?* to occupy the same

k

site as Mn?* (Fig. 4). We confirmed transport of Mn?*, Cd?*, Co?*
and Ni?* in our fluorescence-based transport assay (Figs. 1b and 4k).
Cu?* binds to the same location, but its position is shifted (Fig. 4e).
Zn?*, which follows Cu?* in the periodic table, no longer occupies the
same site. Instead, it binds to the aqueous vestibule, where it interacts
with the conserved His233, which has been implicated in pH regu-
lation and proton transport (Fig. 4h)!1:30. In transport assays, the
presence of excess Zn?* diminishes Mn?* uptake; this suggests that
the ion may be transported by ScaDMT or may alternatively act as an
inhibitor (Fig. 41). For alkaline earth metal ions, we observed either
no binding, as for Ca?*, or observed the ions bound at different loca-
tions (Fig. 4i,j). When added in ten-fold molar excess, none of these
ions interfered with Mn2* uptake, thus demonstrating that they are
neither high-affinity substrates nor inhibitors of ScaDMT (Fig. 41).
The monovalent cation Cs* was bound to sites located at the periph-
ery of the protein, which are unlikely to be relevant for transport
(Supplementary Fig. 3e). Our data hence indicate that the binding

Figure 4 Transition-metal ion selectivity.

(a) Location of bound ions in different complexes.
(b—j) Close-up views of ion-binding sites

with anomalous difference densities (pano)
superimposed. (b) Fe2* complex (p,n, calculated
at 5 A and contoured at 6.75). (c) Co2* complex
(5 A, 70). (d) Ni2+ complex (5 A, 6.55). (e) Cu2*
complex (6.5 A, 65). (f) Cd2+ complex (4.5 A,
100). (g) Pb2* complex (5 A, 180). (h) Zn2+
complex (5.5 A, 76). (i) Sr2+ complex (5 A, 7.56).
(j) Ba2* complex (5 A, 90). In panels h-j, the
position of Mn2+ is indicated by a gray sphere.

(k) ScaDMT-mediated transport of Co%+ and

Ni2* into proteoliposomes. Graphs show time-
dependent quenching of the fluorophore calcein,
that is trapped inside the vesicle, upon addition

of 300 uM of the respective ions to the external
medium. Traces from liposomes devoid of protein
are shown in black. (1) ScaDMT-mediated transport

C|02+ Ni?* Cd?*/Mn?* Zn*Mn* Ca?*/Mn?* SP*/Mn®* Ba®"/Mn?* of Mn2+ into proteoliposomes in the presence
— I I I I [ I ) . ;
& 100 S Mo SN N N Nl of other divalent cgtlons. Graphs show time- .
§ 75 '\\ == =g \ \ \\ dependent quenching of the fluorophore calcein
§ 50 M T ~ - upon addition of 100 uM of Mn2+ and either 100 uM
g 55 B Cd?* or 1 mM Zn2+, Ca2+, Sr2+ or Ba2* to the
£ o external medium. Transport of 100 uM Mn?+ is
0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 shown in gray for comparison, and traces from
Time (min) liposomes devoid of protein are shown in black.
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Figure 5 Cd?* binding to ScaDMT binding-site a D49A b N52A C M226A
mutants. (a—c) Cd2* binding to the ScaDMT Time (min) Time (min) Time (min)
mutants D49A (a), N52A (b) and M226A (c), O % 8 % 120 9 30 6 9% 120 50
as determined by ITC. Top graphs, heat liberated 04w 0l
upon injection of Cd2* to the experimental i ||| Ml | o
chamber containing the respective protein. " 2] | ‘ | -0.14
Bottom graphs, fit of the integrated and corrected ] | =0.2 1
heat to a binding isotherm (red line). The = 041 ~0.3
exponent n was constrained between 0.9 and 1.1. 03 ’ 041
- 01 04 01 Seeaea
of transition-metal ions to a conserved site in § Fygw@"“se
the center of the membrane is crucial for ion § 0251 —024 =014
transport by SLC11 proteins. g 0504 —04d o Ky =929 uM —02] f K, =769 uM
8 ool | !
Functional investigation of binding- = 0754 - 034 ¢
site mutants 0 5 10 15 0 10 20 30 40 0 10 20 30 40
Molar ratio Molar ratio Molar ratio

To probe the functional relevance of the
observed interactions, we studied the
effects of mutations of ion-coordinating residues on ScaDMT
and human DMT1. Toward this end, we constructed the mutants
D49A, N52A and M226A in ScaDMT, to remove residues involved
in binding metal ions. After purification and reconstitution, all
mutants showed reduced transport activity compared to that of
wild-type ScaDMT; this demonstrates that the mutants retained
the ability to facilitate transition-metal ion transport at high sub-
strate gradients (Supplementary Fig. 6). However, using ITC,
we found that the Cd?* binding affinities of the three mutants
were decreased by more than an order of magnitude (K4 of
475+ 38 uM for D49A, 769 + 27 uM for M226A and 929 £ 151 uM
for N52A), as expected for the removal of a coordinating residue
(Fig. 5). Because the mutation of a single site has a dramatic effect
on the binding properties of ScaDMT, we next investigated whether
equivalent mutations would show a similar effect on human DMT1.
We thus studied DMT1-mediated transport of Cd?* by two-electrode
voltage-clamp electrophysiology. We expressed wild type and the
mutants D86A, N89A and M265A in Xenopus laevis oocytes and
recorded the dose-dependent steady-state transport currents with
a protocol that was previously used to characterize ion transport by
the protein’. Whereas the wild-type protein showed robust currents
due to Cd2t/H* cotransport that saturated with a K;;, of 0.3 uM, the

a wT Cc )
0.02 0.10 0.30 1.00 5.00 10.00 1.0 _¢/.;___
<™ 3 08 /
w{“ 1 q f /’ 3 J
S 06 4
z wT ; N89A
10 nA g 0.4
40s O 02 »/
d 0 —.' —
O P D
o° AN QQQ
Cd®* (uM)
b N89A g
030 100 500 10.00 50.00 100.00
ﬂ MW (kDa) WT N/AM/A D/A Neg

ﬂ \'\ LR
10nA|_\J l‘ ‘ i..:'

40s

K, of the mutant N89A was shifted by a factor of 19 toward higher
concentrations (i.e., to a K, of 5.6 uM; Fig. 6a-c). We observed no
Cd?2* currents in the mutants D86A and M265A, even at a Cd?* con-
centration of 1 mM and despite the strong expression of the protein
(Fig. 6d-g and Supplementary Data Set 1). The results thus underline
that the same set of residues coordinates divalent transition-metal
ions in bacterial and human SLC11 family members.

DISCUSSION

The ScaDMT structure defines the common architecture of the SLC11
(NRAMP) family. These proteins share a conserved molecular scaf-
fold that has previously been observed in different membrane trans-
porters of unrelated sequence. The fold, which is characterized by a
topological relationship of protein domains that are oppositely ori-
ented within the membrane, allows for the recognition of substrates
in the unwound parts of two symmetry-related helices in the center
of the bilayer. In SLC11 transporters, this location contains residues
that constitute a promiscuous transition metal ion-binding site. The
ion is surrounded predominantly by harder ligands along with the soft
sulfur of Met226. Because interacting residues are strongly conserved,
it can be assumed that this binding mode is general for the family. The
chemical composition of the ion-binding site reflects its preference
for transition-metal ions. Mn?* and Fe?* have a tendency to bind to
similar sites3!, but, although its thioether group can coordinate both
metals, methionine is usually not an interacting residue. However, the

Figure 6 Functional properties of DMT1 binding-site mutants.

(a,b) Concentration dependence of Cd2+ transport by human DMT1
expressed in Xenopus laevis oocytes. Currents were measured by
two-electrode voltage-clamp electrophysiology. Representative current
response of wild type (WT) (a) and the mutant N89A (b) after perfusion of
oocytes with solutions containing the indicated amount of Cd2+ (in uM)

at pH 5.5 (red bar) is shown. In each case, addition of Cd2*+ was preceded
by a pH step from 7.5 to 5.5 (blue bar). Voltage was clamped at =70 mV.
(c) Dose-response curve of evoked currents in response to Cd2*. Data are
averages of either 4 (N52A) or 5 (wild type) independent experiments.
Error bars, s.d. The solid lines show a fit to the Michaelis-Menten equation.
(d-f) Representative current response of the binding-site mutants D86A
(d) and M265A (e) and of noninjected oocytes (neg) (f) upon application
of Cd2*, as observed in 10 (D86A) and 7 (M265A and neg) independent
measurements. Protocol is as in a. (g) Western blot of Xenopus laevis
oocytes expressing human DMT1 (WT) and the DMT1 binding-site mutants
N89A (N/A), M265A (M/A) and D86A (D/A). The positions of the molecular
weight (MW) markers are indicated. Noninjected oocytes (neg) are shown
as control. Uncropped western blot is shown in Supplementary Data Set 1.
All oocytes were previously used for electrophysiology experiments.
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Figure 7 Transport mechanism. (a) Schematic drawing of the DMT
transport cycle. Binding of a proton and a transition-metal ion to a site
that is accessible from the outside is followed by a conformational change
of the two halves of a-helices 1 and 6 around a hinge located at the
ion-binding region. The rearrangement closes the extracellular pathway
and opens an intracellular pathway to the ion-binding site. From this
conformation, the two substrates are released into the cytoplasm, and

the empty transporter returns to its outward-facing state. (b) Structure of
the intracellular entry path to the ion-binding site. The bound MnZ2+ (gray
sphere) and the molecular surface around a-helix 6b are shown. Residues
of the ion-binding site and two conserved histidines, which have been
previously identified as potential H* acceptors during proton transport,
are displayed as sticks.

fact that Fe?*, Mn?* and Cd?* do frequently interact with the sulfur of
cysteine3233 suggests that methionine may also be a suitable ligand for
these ions. In contrast to transition-metal ions, methionine would be
a poor ligand for Ca?*. The binding site thus selects against alkaline
earth metal ions, whereas it discriminates poorly between divalent
transition-metal ions.

The importance of the observed interactions for binding and trans-
port within the SLC11 family are underlined by mutagenesis, in which
truncations of interacting side chains cause a marked decrease in the
Cd?* binding affinity of ScaDMT and in which equivalent mutations
have a severe impact on Cd?* transport in human DMT1. Because all
mutations remove a side chain involved in metal-ion coordination, a
similar phenotype can be expected for other transported ions. This
would be unlike results from a study on a bacterial SLC30 transporter,
in which a single conservative point mutation affected transport
of Cd?* but not Zn?* (ref. 34). The binding-site aspartate and
asparagine are part of a conserved DPGN motif located in the
unwound part of o-helix 1 that was previously identified as a signature
for the family®> and whose mutations cause severe impairment of
transport in different family members3%:37. A similar phenotype was
also previously observed for mutations of related residues in o-helix
6 (refs. 36,38).

In ScaDMT, the broad selectivity for transition-metal ions is
emphasized by the strong correlation between binding and transport
of Mn?*, Fe?+, Co?* and Ni?*, which are neighbors in the periodic
table of elements. The next-higher element Cu?* still binds to the
same location, although with a slightly shifted position, whereas Zn?*
no longer occupies the same site. Our transport assay indicates that
Zn?* may act as either an inhibitor or a substrate of ScaDMT. In the
latter case, Zn2* would be the only instance that we found of transport
being detected for an ion bound to a different region in the protein.
Our data also illustrate the discrimination against the alkaline earth
metal ions Ca?*, Sr>* and Ba?*, which are not transported by ScaDMT
and do not occupy the consensus site. The ion preference of ScaDMT
correlates with the properties of DMT1 and other family members, in
which Mn?*, Fe?*, Co?* and Cd?* have been shown to be efficiently
transported, whereas Ni?*, Cu?* and Zn?* are weaker substrates®. As
in ScaDMT, alkaline earth metal ions are not transported by DMT1
(ref. 10); this illustrates how Fe?* is selectively absorbed from the
duodenum despite the presence of Ca2*, which is several orders of
magnitude more abundant!2. The binding of Cd** and Pb?* suggests
a possible uptake mechanism for these toxic heavy metals!4.

The structure also reveals the location of residues whose mutation in
DMT1 causes diseases in humans and rodents (Supplementary Fig. 7).
The mutation of a conserved glycine residue at the extracellular side of
o-helix 4 to arginine leads to severe anemia in mice and rats and has also
been shown to be associated with an increased Ca?* permeability of the
protein®. Four mutations identified in human patients with anemia4®
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are scattered in different parts of the protein. Remarkably all mutations
affect residues in transmembrane helices remote from the ion-binding
region, with all but one of them being conserved in ScaDMT. Because
some residues contribute to packing interactions, compromised folding
and function of these mutants appear plausible?!.

In the crystal, ScaDMT adopts an inward-facing conformation.
Although a single structure provides only a snapshot of the transport
cycle, the close structural relationship to the amino acid transporter
LeuT and to other proteins sharing a similar protein fold, for which
different conformations have been characterized?942, allows for the
description of a potential outward-facing conformation (Fig. 7a). In
such a state, the independent movement of both halves of a-helices 1
and 6 around a hinge located in the substrate-binding region would
close the intracellular access path and open an extracellular access
path to the site, without disrupting the geometry of interacting resi-
dues. In this conformation, the same residues probably contribute
to the binding of ions from the extracellular environment. However,
owing to local structural changes, the affinity in the outward-
facing state, which is relevant for scavenging the ion in a physiological
context, may be increased, as suggested by the low K, of transport
measured for DMTI.

In DMTI, metal-ion transport is coupled to the movement of pro-
tons in the same direction, but the coupling may not be as strict as
in other secondary active transporters because uncoupled flows of
either of the two substrates have been observed!!. Although how
protons are transported in DMTT1 is still unclear, it is noteworthy
that two histidines close to the substrate-binding site, which were
previously identified to contribute to the pH dependence of transport
in pro- and eukaryotic family members!1:30-36 are also conserved in
ScaDMT (Fig. 7b and Supplementary Fig. 1). The presence of these
residues suggests that the prokaryotic transporter may share a similar
coupling mechanism.

Our study has revealed the structural basis of selectivity in a protein
family that has an important role in the transmembrane transport of
transition-metal ions in all kingdoms of life. It has thus prepared the
ground for detailed investigations of transport mechanisms, which
are still poorly understood.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Coordinates and structure factors for the
ScaDMT"!-nanobody complex and the ScaDMT"~nanobody Mn?*
complex have been deposited in the Protein Data Bank under acces-
sion codes 4WGV and 4WGW, respectively.
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ONLINE METHODS

Cloning and expression screening of prokaryotic DMT homologs. For expres-
sion screening, the genes of 105 prokaryotic SLC11 transporters were amplified
from their respective genomic DNA and cloned into the arabinose-inducible
expression vectors pBXNH3, pBXC3H and pBXC3GH with fragment-exchange
(FX) cloning?!. Primers were designed in an automated fashion with a Python
script available online (http://www.fxcloning.org/). Escherichia coli MC1061
(ref. 43) was used as a cloning and expression strain. Expression and extraction
properties were initially investigated in small-scale cultures. For that purpose, cells
containing the respective constructs were grown in 24-well plates in terrific broth
(TB) and induced with three different arabinose concentrations. Proteins with a
periplasmic C terminus were detected by western blot with an anti-polyhistidine
antibody (Roche 11965985001, at 1:1,000 dilution). Validation of the antibody can
be found on the manufacturer’s website. Proteins with a cytoplasmic C terminus
were expressed as GFP fusion constructs and detected by the fluorescence of GFP
as measured in whole cells and by in-gel fluorescence in SDS-PAGE. Stability and
monodispersity of GFP constructs was monitored by fluorescence size-exclusion
chromatography (FSEC) before purification*4. For constructs with a periplasmic
C terminus, these properties were assessed by SEC after scale-up and purification.
As aresult of these experiments, ScaDMT (from S. capitis DSM 20326) was identi-
fied as a promising candidate for structural studies. For large-scale expression and
purification, ScaDMT and all modified constructs were fused to a C-terminal His o
tag separated from the protein by a human rhinovirus (HRV) 3C protease—cleavage
site. Truncations and mutants of ScaDMT were prepared by PCR and the FX clon-
ing method. For crystallization purposes, shortened constructs of ScaDMT were
prepared by systematic truncation of both termini by increments of four residues
and investigated by purification. In that way, ScaDMT"Y, lacking 41 amino acids
at the N terminus was identified as the shortest well-behaved construct.

Protein expression and purification. The genes encoding ScaDMT and ScaDM T
were cloned into the pBXC3H vector, where they were fused to a C-terminal His
tag separated by a HRV 3C protease—cleavage site. Cells were grown by fermenta-
tion of 9- to 18-1 cultures in TB medium to an ODgq of 2.5. Protein expression
was induced by addition of 0.005% (w/v) arabinose at 25 °C. The temperature was
decreased to 18 °C for overnight expression. All of the following steps were carried
out at 4 °C. Cells were harvested by centrifugation and lysed in buffer A (50 mM
potassium phosphate, pH 7.5, and 150 mM NaCl) with a custom-made cell disrup-
tor. The lysate was cleared by low-spin centrifugation. Membranes were harvested
by ultracentrifugation. For membrane-protein extraction, vesicles were suspended
in buffer A containing 10% (w/v) glycerol and 1-2% (w/v) DM (Anatrace). After
centrifugation, the protein was purified by immobilized metal affinity chromatog-
raphy (IMAC). For cleavage of the His; tag, the sample was incubated with HRV
3C protease (at a molar ratio of 5:1) for 2 h during dialysis into buffer B (20 mM
HEPES, pH 7.5, 150 mM NaCl, 5% (w/v) glycerol, and 0.25% (w/v) DM). Histidine-
tagged HRV 3C protease was subsequently removed by binding to Ni-NTA resin.
The cleaved protein was concentrated and subjected to size-exclusion chromatog-
raphy (SEC) on a Superdex S200 column (GE Healthcare) equilibrated in 10 mM
HEPES, pH 7.5, 150 mM NaCl, and 0.25% (w/v) DM. The peak fractions were
pooled and immediately used for experiments. Protein complexes were prepared
by incubation of the SEC-purified and concentrated transporter with the SEC-
purified and concentrated nanobody (supplemented with 0.25% (w/v) DM) at a
molar ratio of 1:1.3 for 5 min. The complex was subjected to SEC (GE Healthcare).
Protein—nanobody complexes were subsequently concentrated and used for crys-
tallization. For preparation of crystals used for structure determination, DM was
exchanged to #-nonyl--p-maltopyranoside (NM, 0.84% (w/v)) in SEC.

Generation of nanobodies. ScaDMT-specific nanobodies were generated essen-
tially as previously described??. In brief, one llama (Lama glama) was immunized
six times with 50 pg of detergent-solubilized ScaDMT (in 0.25% DM). 4 d after
the final antigen boost, peripheral blood lymphocytes were extracted, and their
RNA was purified and converted into cDNA via reverse-transcription PCR . The
nanobody repertoire was cloned into the phage-display vector pMESy4 contain-
ing a C-terminal Hisg tag followed by the CaptureSelect C tag (Glu-Pro-Glu-Ala).
12 nanobody families that bound to ScaDMT or ScaDMT"" were identified
in two rounds of biopanning. Targets were coated directly on a solid phase or
immobilized via neutravidin capturing. Antigen-bound phages were recovered
from antigen-coated wells without affecting phage infectivity by proteolysis with

trypsin. After two rounds of selection, ELISAs were performed on periplasmic
extracts of 48 individual colonies of each selection condition to screen for
ScaDMT-specific nanobodies. Nb6616, which was crystallized in complex with
ScaDMT"! for structure determination, was selected by solid phase-coated
ScaDMT"" and neutravidin-captured biotinylated full-length ScaDMT.

Nanobody expression and purification. The 16 nanobodies identified in the initial
selection were recloned into an arabinose-inducible expression vector containing
an N-terminal pelB leader sequence, a His tag, a maltose-binding protein (MBP)
tag and a HRV 3C protease site. E. coli MC1061 cells were grown in a fermenter in
TB medium at 37 °C until an ODygj of ~3-4 was reached. Expression was induced
by addition of 0.02% (w/v) arabinose, and cells were incubated for 6 h at 37 °C.
Cells were harvested by centrifugation and lysed with a custom-made cell disrup-
tor. All of the following steps were carried out at 4 °C. The lysate was cleared by
centrifugation at 210,000g. IMAC was performed as described for the transporter,
except that no detergent was used during purification. Peak fractions were mixed
with HRV 3C protease at an 8:1 molar ratio and dialyzed against dialysis buffer
overnight. Protease and MBP were removed by binding to Ni-NTA. The cleaved
nanobody was concentrated by centrifugation (Millipore, MWCO 3 kDa) and
subjected to SEC. Peak fractions were pooled and used for experiments.

Expression of selenomethionine-labeled protein. For preparation of selenom-
ethionine-labeled protein, an overnight culture of ScaDMT!"" grown in TB
medium was diluted 1:100 into 30 I M9 medium supplemented with trace
elements, Kao and Michayluk Vitamin solution (Sigma), 0.75% glycerol and
100 mg/l ampicillin. Cells were grown in shaking culture at a starting temperature
of 37 °C. The temperature was gradually decreased over 5 h to 24 °C until an
ODyg of 0.6 was reached. Amino acids L-lysine, L-threonine, and L-phenylalanine
(each at a concentration of 125 mg/l) and L-leucine, L-isoleucine and L-valine
(each at a concentration of 62.5 mg/l) were added to the culture to inhibit the
methionine synthesis pathway*®. Depletion of free L-methionine was performed
for 1h, and this was followed by addition of 50 mg/l L-selenomethionine. 1 h later,
expression was induced by addition of 0.004% (w/v) arabinose. For overnight
expression, the temperature was further decreased to 18 °C. Cells were harvested
by centrifugation and lysed by sonication. Extraction was started from cleared
lysate by addition of 1.5% DM (Anatrace). Purification and crystallization of the
ScaDMT"U-NB complex was carried out as described in Online Methods.

Crystallization. ScaDMT (5-10 mg/ml) was crystallized in sitting drops at 4 °C.
The best crystals diffracting to 6.5 A were obtained for protein purified in DM in
reservoir solution containing 90 mM MES, pH 6.0, 90 mM NaCl, 200 mM CaCl,
and 26-30% PEG 400 (v/v). Crystals of the ScaDMT"!-nanobody complex (in
NM) used for structure determination grew at 4 °C from a reservoir solution
containing 50 mM HEPES, pH 7.4, 200 mM CaCl,, and 22-26% PEG 400 (v/v).
For cryoprotection, the PEG concentration was increased stepwise to 36%, and
crystals were flash frozen in liquid propane. For generation of ion complexes,
crystals were soaked for 1 min in freshly prepared solutions in which Ca?* was
replaced stepwise by the respective cation.

Structure determination. All data sets were collected on frozen crystals on
the X06SA beamline at the Swiss Light Source of the Paul Scherrer Institut on a
PILATUS 6M detector (Dectris; Table 1 and Supplementary Table 1). The data
were indexed, integrated and scaled with XDS*® and further processed with CCP4
programs*”. The structure of the ScaDMT'"“~nanobody complex was determined by
the SAD method with data collected from crystals containing a selenomethionine-
derivatized transporter. The selenium sites were identified with SHELX C and
D*4, Selenium sites were refined in SHARP, and phases were improved by sol-
vent flattening and extended to 3.1 A by two-fold NCS symmetry averaging with
the program DM?°!. The model was built in O°? and COOT®>? and initially refined,
maintaining strict two-fold NCS constraints in CNS>%. In later stages, the strict
constraints were loosened, and restrained individual B factors and TLS parameters
were refined in PHENIX®®. R and Ry, were monitored throughout. R, was cal-
culated by selecting 5% of the reflection data that were omitted in refinement. The
final model has R/Rg. values of 25.0% and 28.5%, good geometry and no residues
in disallowed regions of the Ramachandran plot (Table 1). Data of ion complexes
were collected at appropriate wavelengths to maximize the anomalous scattering
of the bound ions (Table 1 and Supplementary Table 1). The structure of the
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ScaDMT!"— nanobody Mn2+ complex at 3.4 A was refined in PHENIX as described
for the ScaDMT"U-NB complex. For all other ion complexes, the refined structure
of the ScaDMT""-NB Mn?* complex served as start model, and coordinates were
subsequently improved by rigid-body refinement in PHENIX. The structure of
ScaDMT at 6.5 A was determined by molecular replacement with Phaser>® and
improved by rigid-body refinement in PHENIX (Table 1).

Preparation of proteoliposomes. Proteoliposomes containing ScaDMT were pre-
pared as described in ref. 57. In brief, E. coli polar lipid extract (Avanti Polar Lipids)
was mixed with L-a phosphatidylcholine (from egg yolk, Sigma) both dissolved in
chloroform at a w/w ratio of 3:1. Lipids were dried in a rotary evaporator and sub-
sequently resuspended and sonicated in buffer containing 20 mM HEPES, pH 7.5,
and 100 mM KCI. Large unilamellar vesicles were formed by alternating freeze-
thaw cycles followed by extrusion through a 400-nm polycarbonate filter (Avestin,
LiposoFast-Basic). Liposomes were diluted to 4 mg/ml and destabilized by addition
of Triton X-100. The protein sample was incubated with destabilized liposomes
at a protein-to-lipid ratio of 1:40 (w/w). Detergent was removed by addition of
Bio-Beads SM-2 (Bio-Rad). Proteoliposomes were harvested by centrifugation for
30 min at 236,000g, resuspended in buffer and stored in liquid nitrogen.

Freeze-fracture electron microscopy. Freeze-fracture EM was used to monitor
the incorporation of the protein into liposomes. For that purpose, proteoliposomes
were initially subjected to two freeze-thaw cycles and applied on a copper grid. The
grid was subsequently sandwiched between two aluminum specimen carriers and
frozen in liquid nitrogen with a high-pressure freezing system (Leica EM HPM100).
Glycerol (final concentration 10% (w/v)) was added to the sample if necessary.
Freeze fracturing and shadowing were performed on a Leica EM BAF060 at —150 °C
under high vacuum. The samples were coated with a 2.5-nm carbon/platinum
layer at an angle of 45° immediately after fracturing and were subsequently coated
with 20 nm carbon at an angle of 90°. Replicas were imaged with a Philips CM100
transmission electron microscope equipped with a Gatan Orius CCD camera.

Fluorescence-based transport assay. For transport assays, proteoliposomes were
mixed with buffer C containing 25 mM HEPES, pH 7.5, 200 mM KCl and either
250 UM calcein or fura-2 (Invitrogen), sonicated, subjected to three freeze-thaw cycles
and finally extruded through a 400-nm polycarbonate filter (Avestin, LiposoFast-
Basic). Subsequently proteoliposomes were harvested by centrifugation and washed
by resuspension in ten volumes of assay buffer without fluorophore. In total, three
wash steps were performed. Control liposomes without protein were prepared with
the same procedure. The assay was started by dilution of the sample to 2 mg lipid/
ml in 100 pl buffer C in a black 96-well plate. Uptake of Me?* into liposomes was
monitored by the change of the fluorescence signal in a fluorimeter (Tecan Infinite
M1000, calcein, Aeyx = 492 nm/Ayy, = 518 nm; fura-2, e, = 335 nm/Aep, = 505 nm).
After stabilization of the fluorescence signal, ions were added, and fluorescence was
recorded every 15 s. After 20 min, Me?* ions were equilibrated by addition of the
ionophore calcimycin, which acts as a Me?*/H* exchanger. Experiments with Fe?*,
Cu?* and Pb?* were incompatible with the described procedure.

Isothermal titration calorimetry. Proteins were purified in DM as described
above and dialyzed overnight against buffer D (25 mM HEPES, pH 7.5, 150 mM
NaCl and 0.25% (w/v) DM). ITC experiments were performed with a MicroCal
ITC200 system (GE Healthcare) at 6 °C. The sample cell was filled with protein
solution at a concentration between 110 and 180 WM. The solution used for titra-
tion was prepared by addition of Cd?* to buffer D at a concentration of 4-25 mM.
Cd?* was added to the protein by sequential injections of 2-ul aliquots followed
by 200 s of equilibration after each injection. For the determination of the back-
ground, the same experiment was carried out, except that the protein solution
was replaced by buffer D. For analysis, the heat released by each injection was
integrated, and the background was subtracted with NITPIC3. The data were fit
to the Wiseman isotherm with the Origin ITC analysis package. The exponent n
was constrained between 0.9 and 1.1. ITC experiments were performed at least
twice for each protein, with similar results.

Multiangle light scattering. MALS experiments were carried out at 20 °C on an
HPLC system (Agilent 1100) connected to an Eclipse 3 system equipped with a
miniDAWN TREOS MALS detector and an Optilab T-rEX refractometer (Wyatt
Technology). 50 ug of purified protein (at 1 mg/ml) was injected onto a Superdex

$200 column (GE Healthcare) equilibrated in 10 mM HEPES, pH 7.5, 150 mM
NaCl, and 0.25% (w/v) DM. Molecular weights and s.d. were determined with
the Astra package (Astra 6.0, Wyatt Technology).

Two-electrode voltage-clamp experiments. The genes encoding human DMT1
(isoform 3, splice variant 1A-IRE) and the mutants D86A, N89A and M265A
(numbering of residues according to the reference sequence isoform 1) were
cloned into a pTLN vector®. The plasmid was linearized with Mlul and was
used to prepare capped complementary mRNA with the mMessage mMachine
kit (Ambion). mRNA was purified with the RNeasy kit (Qiagen) and injected
into defolliculated Xenopus laevis oocytes (50 ng/oocyte). Oocytes were incu-
bated at 16 °C for 2-4 d before two-electrode voltage-clamp experiments were
performed. Currents were recorded at =70 mV on an OC-725B oocyte clamp
(Warner Instrument Corp). Data were sampled at 2 kHz and filtered at 50 Hz.
During experiments, oocytes were perfused with high-pH solution containing
100 mM NaCl, 1 mM KCl, 0.6 mM CaCl,, 1 mM MgCl,, and 10 mM HEPES, pH
7.4. Measurements of Cd?**-induced transport currents were preceded by a change
into low-pH solution (in which HEPES was replaced by 10 mM MES, pH 5.5)
and then a change into low-pH solution containing the desired concentration of
CdCl, (0.02-1,000 uM). Expression of DMT1 was confirmed by western blot with
amouse anti-human SLC11A2 antibody (Sigma WH0004891M1, at 1:5,000 dilu-
tion) and a goat anti-mouse antibody coupled to horseradish peroxidase (Dianova
115-035-146, at 1:10,000 dilution) for detection. Validation of antibodies used in
the assay can be found on the respective manufacturers’ websites.

Xenopus laevis oocyte membrane preparation for western blot analysis. After
two-electrode voltage-clamp recording, oocytes were homogenized in Barth’s
solution containing protease inhibitors (Complete EDTA-free, Roche). Cell debris
was removed by centrifugation at 500g. Membranes were subsequently harvested
by centrifugation at 10,000¢ at 4 °C and resuspended in buffer containing
10 mM HEPES, pH 7.5 and 100 mM NaCl. For extraction, 2% (w/v) n-dodecyl-
-p-maltopyranoside (Anatrace) was added, and the samples were incubated
on ice for 1 h. Insoluble material was pelleted by centrifugation at 500g, and the
supernatant was used for western blot analysis.
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