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Molecular Mechanism of an Nramp-family Transition Metal Transporter
ABSTRACT
Survival necessitates obtaining the right balance of nutrients from the environment. Most
crucially, organisms must secure an adequate supply of each of the two dozen immutable
chemical elements that are essential to life. Organisms have therefore evolved intricate cellular
machinery—primarily in the form of membrane transport proteins—to import raw materials. The
highly conserved natural resistance associated macrophage protein (Nramp) family facilitates
the cross-membrane transport of transition metal ions, which all organisms use as co-factors in
enzymes that catalyze myriad essential metabolic reactions. In mammals, Nramp homologs
enable the uptake of dietary iron and contribute to the metal withdrawal innate immune defense
strategy, while plants and bacteria use these proteins primarily for manganese acquisition. For
my thesis I used biochemistry and structural biology to develop an atomic-resolution mechanistic
model for Nramp transport, which sheds light on the fundamental principles of secondary
transport.
To explain how Nramp distinguishes among various metal substrates, I demonstrate the
role of a conserved metal-binding methionine residue in preferentially stabilize transition metals
via its sulfur atom. Indeed, while Nramp mutants that lack this methionine can still transport
some transition metals they lose the advantageous ability to reject calcium and magnesium,
which are orders of magnitude more abundant environmentally. This work illustrates how
evolution has exploited the chemical properties of its amino acid repertoire to enable organisms
to sort through different metal ions and specifically take up the rare ones they need to survive.
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Next, I demonstrate how Nramp cycles between two stable conformations – inward- and
outward-facing – to provide a pathway for metal ion transport. Using a low-resolution inwardfacing crystal structure determined by my colleagues, I use cysteine accessibility assays to
animate this static snapshot of Nramp—illustrating how the protein’s transmembrane helices
rearrange themselves in the alternate outward-facing conformation—and to show how anemiacausing mutations disrupt the conformational change process to impair metal transport.
I further exploit this structural knowledge to design an outward-locked Nramp mutant,
whose high-resolution X-ray crystal structure I determined in the presence of metal substrate.
This structure, along with an additional high-resolution inward-occluded structure determined by
my colleague, provides the basis for understanding the complete metal transport cycle for the
Nramp family, while also fully illustrating the conformational rearrangements that open and
close the inner and outer gates. In addition, I show that Nramp uses separate pathways for metal
ions and its proton co-substrates—such that proton shuttling does not require bulk
conformational change—which may facilitate the co-transport of two like charges.
Lastly, I demonstrate that Nramp metal import is highly voltage dependent. In addition,
in contrast to canonical secondary transporters, metal and proton co-substrates are not tightly
coupled for Nramp, as metal-proton symport, metal uniport, and proton uniport all occur, with
metal elemental identity affecting the co-transport stoichiometry. Mutagenesis studies to
neutralize charged/protonatable residues demonstrate how an extensive conserved salt-bridge
network allosterically imparts Nramp’s voltage-dependence and proton-metal coupling
properties, which serve to prevent the deleterious back transport of acquired metals. More
broadly, the demonstrated Nramp molecular mechanism highlights the underappreciated role of

iv

the physiological membrane potential to impact any membrane-associated biochemical process
and illustrates the mechanistic fluidity between the realms of channels and transporters.
In summary, here I provide an atomic-level explanation of a conserved mechanism by
which organisms acquire essential nutrients and developed a model system that provides
opportunity for a deeper understanding of the general principles of membrane transport.
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INTRODUCTION
Cellular strategies for micronutrient acquisition
Nutrient replenishment is a basic requirement for organismal survival, growth, and
reproduction. At a minimum, organisms must obtain a sufficient environmental source for each
essential immutable chemical element, such as the carbon, oxygen, nitrogen, hydrogen,
phosphorous, and sulfur required for making proteins, nucleic acids, sugars, and lipids, as well as
a variety of other elements in lower amounts. These essential micronutrient elements include a
range of transition metals: manganese, iron, cobalt, nickel, copper, zinc, and molybdenum for
most organisms, although the exact requirements vary by species. These metal ions serve as cofactors in enzymes that catalyze many of the myriad chemical reactions that contribute to cellular
metabolism and respiration. Indeed, approximately one third of all known proteins—and half of
known enzymes—natively bind metals (1). These transition metal cations interact to form semicovalent bonds with specific electron-donating functional groups within the protein, which
stabilizes certain folds and imparts chemical properties that nature’s amino acid repertoire lacks.
As the most widely exploited transition metal in biology, iron serves as an ideal co-factor
for redox (electron-transfer) reactions due to its ability to easily cycle between the Fe2+ and Fe3+
oxidation states, which makes it essential to all but a handful of known organisms (2, 3). In
addition, iron-sulfur clusters and iron-containing cytochromes provide the pathway for the
electron transport in mitochondria that enables efficient ATP generation, while globin proteins
famously use heme iron to enable oxygen transport and storage. Copper and manganese are also
widely exploited biologically for redox reaction catalysis, with manganese cofactors famously
facilitating photosystem II’s oxidation of water to diatomic oxygen. In contrast, the redoxinactive zinc often fulfills a primarily structural role in countless proteins (1). Despite their
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relative abundance in the earth’s crust, transition metal ions’ low solubility as a result of the
oxygenation of the earth’s atmosphere renders these elements scarce in most environments.
Indeed, of all potential limiting nutrients, it is iron availability that restrains phytoplankton
growth in the open ocean (4).
Organisms must therefore scavenge their environment for these transition metal ions and
other micronutrients in order to survive. This creates a thermodynamic challenge, in that
concentrating a scarce chemical resource in a small membrane-bound compartment such as a cell
is entropically-unfavorable and therefore will not occur spontaneously. To circumvent this
obstacle, evolution provided two distinct mechanisms known as primary and secondary active
transport. In primary active transport, membrane proteins bind desired extracellular substrates
and translocate them across the lipid bilayer by combining or “coupling” that transport process
with an unrelated energetically-favorable chemical reaction such as ATP hydrolysis. Primary
active transporters constitute a significant fraction of cellular ATP expenditure, with the sodiumpotassium pump in particular accounting for up to a quarter of a cell’s ATP use (5). This protein
exchanges Na+ and K+ ions, which serves to accumulate K+ and deplete Na+ in the cytoplasm,
thus yielding opposing concentration gradients of both cations across the membrane. In addition,
selective membrane permeability through ion-specific channels results in a membrane potential,
as a small fraction of (typically K+) ions diffuse out of the cell until the energetic cost of further
charge separation balances the gains from dissipating the concentration gradient.
As a result of these ionic concentration gradients and the concomitant membrane
potential, the cell membrane functions as a secondary system of cellular energy storage.
Secondary active transport occurs through proteins that harness these preexisting electrochemical
gradients to power the thermodynamically-unfavorable transport of a desired substrate, such as
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the import of a scarce micronutrient. Two basic types of secondary transporters exist:
symporters, which move the driving ion and the intended substrate in the same direction across
the membrane, and antiporters, which move driving and intended substrates in opposite
directions, usually in separate steps. Secondary active transporters evolved to catalyze net
thermodynamically-favorable transport reactions by enforcing tight “coupling” mechanisms. For
these proteins the transport of the primary and driving substrates are co-dependent, which serves
to prevent deleterious uniport events: either “futile cycles” that dissipate the driving ion gradient
without stimulating uptake of the primary substrate, or potentially worse, “backwards” flux of
the primary substrate down its concentration gradient (6).
Both symporters and antiporters, as well as primary active transporters, undergo some
form of the alternating access mechanism (7), in which the transporter only exposes its substrate
binding site(s) to one side of the membrane at a time, in contrast to the fully open pore of a
channel that allows unfettered substrate movement (8). For example, for a substrate-import
process, the transporter binds its substrates from outside the cell and then must undergo a
conformational rearrangement that seals an outer gate, thus preventing bulk solvent access to the
binding site. At this point, further conformational rearrangement opens an inner gate, which
allows the substrate to exit the binding site on the intracellular side. The empty transporter then
returns to the outward-facing conformation to complete the cycle.

The evolutionarily-conserved Nramp family of transition metal transporters plays a key
role in cellular transition metal homeostasis
The Natural resistance-associated macrophage protein (Nramp) family represents a
conserved strategy for the acquisition and trafficking of essential transition metal ions (9). These
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transport proteins share a common ancestor with LeuT and other transporters of small organic
molecules in the Amino Acid-Polyamine-Organocation (APC) superfamily (10-12), likely
diverging well before the evolution of eukaryotes, as Nramp homologs are found throughout the
tree of life (13). The Nramp family subdivides into several distinct evolutionary clades. Clades
A, B, and C comprise prokaryotic Nramp homologs, with Clade B likely diverging from the
others first, followed by clade A (10, 13). Prokaryotic clade C is more closely related to
eukaryotic Nramps, which are further subdivided into Archetype Nramps, containing all
mammalian and most plant homologs, and Prototype Nramps, which mainly consist of fungal
and microbial eukaryotic homologs (10, 13, 14). The Nramp family retains a high level of
sequence conservation—approximately 30-40% sequence identity from bacterial to mammalian
homologs—relative to the evolutionary time over which its homologs have diverged (9, 10). This
likely reflects the selective pressure to preserve a common successful biochemical mechanism
that allows it to fulfill the same basic function of transporting metal ions across cellular
membranes in a diverse range of biological contexts.
Functional studies have demonstrated essential metal transport roles for Nramp homologs
in numerous bacterial species, including both Gram-negative and Gram-positive strains (15-21).
These homologs localize to the inner membrane where they catalyze the uptake of rare transition
metals, with Mn2+ the most important physiological substrate for Nramp in most prokaryotic
species. Some species also express a second inner membrane Mn2+ transporter MntABCD, an
ATP-binding cassette (ABC) primary active transporter (22), and many bacteria also produce
dedicated transporters to enable Mn2+ efflux to avoid toxic overaccumulation (23). While small
solutes like metal cations typically have high permeability to the outer membrane in Gramnegative bacteria, in some species an outer-membrane porin is also essential for divalent metal
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uptake (24). For acquisition of iron, which is rarely found in its divalent form in oxygenated
environments, most bacteria have evolved unrelated active transport mechanisms often involving
secreting and re-capturing high affinity Fe3+-chelators known as siderophores (25-27). In
addition, most bacteria also use non-Nramp-related active transporters for securing the remaining
first row transition metals—Zn2+, Cu+/Cu2+, Ni2+, and Co2+—they typically require for growth
(25, 26, 28).
Cellular transition metal homeostasis extends beyond the acquisition of metals, as cells
must properly traffic and store the metals they import to ensure they reach their proper
destinations, while also exporting excess metal ions to avoid toxicity. While absolute
cytoplasmic concentrations of Fe2+, Mn2+, and Zn2+ can approach 1 mM, the vast majority of
accumulated metal ions bind tightly to specific proteins, either in enzyme active sites, in essential
structural roles, or in designated storage proteins (25). The free metal concentration is thus
significantly lower—typically in the low µM range for Mn2+ and Fe2+, and several orders of
magnitude below that for Zn2+ and Cu2+—but at levels still significantly higher than
environmental concentrations. Metalloproteins often must bind a single correct element to
function properly, which becomes a challenge since similarly-sized metal ions often compete for
the same sites, and the metal species’ differing electronic properties cause Zn2+ and Cu2+ to
generally bind more tightly to a given site than do Mn2+ or Fe2+, as described by the IrvingWilliams series (25, 27, 28). Therefore, cells use differential concentration buffering—
maintaining higher stocks of the weaker binding metals—along with precise tuning of the
geometry and amino acid identity of metal binding sites, allosteric protein conformational
changes dependent upon coordination of the proper metal, and compartment-specific protein
folding as strategies to ensure the correct metalation (25, 28).
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To maintain the requisite levels of each essential metal, bacteria have evolved
transcriptional regulators with binding site affinities properly tuned to sense perturbations in
cytoplasmic free metal concentrations. In Bacillus subtilis and many other bacteria,
transcriptional regulators MntR, Fur, and Zur monitor Mn2+, Fe2+, and Zn2+ levels respectively,
while PerR monitors the Mn2+/Fe2+ ratio (27, 28). In general, upon binding their target metal
ions, the affinities of these regulators increases dramatically for the operators of genes coding for
metal importers, thus repressing further transcription. For transcriptional regulators that repress
the expression of metal export and storage genes, metal binding instead reduces the affinity and
results in increased transcription (27, 28). In many bacteria, MntR controls the expression of
bacterial Nramp importers, also known as MntH (derived from H+-driven Mn2+ transporter). In
addition, in many species Nramp expression is also dependent Fe2+ concentrations, either
through Fe2+ activation of MntR (27) or via Fur co-repression of the gene (29). To respond to
metal starvation, bacteria upregulate expression of metal importers such as Nramp while also
often redistributing their existing metal stores to their most crucial enzymes while promoting
expression of enzymes that do not require the limiting metal wherever possible (25, 30).
Eukaryotes also employ Nramp homologs in important roles related to transition metal
acquisition, trafficking, storage, and sequestering. The dual use of Nramp in both a metal
acquisition role and a metal withdrawal response to infection may have originated in the earliest
single celled eukaryotes, evolving as a means both of killing bacterial prey and acquiring
essential nutrients (10, 31, 32). Plants typically express multiple homologs; the model system
Arabidopsis thaliana has six distinct homologs and rice (Oryza sativa) has seven. Plant Nramp
homologs enable uptake of Fe2+ and Mn2+ from the soil, allow for vacuolar storage of excess
metal ions, and even aid in defense against pathogens through metal sequestering (33-38). Fungi

6

similarly employ multiple Nramp homologs for environmental metal scavenging as well as
intracellular storage of Mn2+ and Fe2+ (39-44). In fish and invertebrates the same or nearlyidentical Nramp homolog often performs both the innate immune and metal acquisition roles
(45-47). Terrestrial vertebrates instead use two paralogs—with only 63% sequence identity in
humans—in distinct roles: Nramp1 to assist in pathogen killing and Nramp2 to provide routine
metal uptake and distribution (10, 48-51).

Mammalian Nramp homologs underpin systemic trafficking of iron
Iron is an essential micronutrient for mammals—most immediately for its essential role
in hemoglobin that enables oxygen distribution throughout the body—and iron insufficiency
famously causes anemia. Iron is so vital and iron limitation so common—even today up to one
third of the world suffers from some form of iron-deficiency anemia, making it the most
common human dietary shortcoming—that mammals have no known system to excrete excess
iron and instead scrupulously recycle their internal supply (52, 53). While all mammalian cells
require iron in some quantity, the most important cell types for systemic iron homeostasis are
intestinal enterocytes (dietary iron absorption and trafficking), liver hepatocytes (iron storage and
regulation), bone marrow erythroblasts and mature erythrocytes (the predominant destination for
iron), and innate immune system phagocytes (iron recycling and metal withdrawal response to
infection) (52-56). Nramp homologs have important roles in all of these processes that make
these proteins vital for mammalian life (10, 48, 49, 57, 58).
Dietary iron uptake is essential in order to replenish the iron lost from injury (blood loss)
or the routine sloughing off of dead tissue (such as in the skin, dietary tract, or uterus).
Enterocytes in the small intestine take up free dietary iron in the Fe2+ form, which co-
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consumption of ascorbic acid (vitamin C) or enzymatic reduction from Dcytb (Duodenal
cytochrome b) facilitates (59). The mammalian Nramp homolog DMT1 (Divalent metal
transporter 1, also known as Nramp2) transports free Fe2+ across the apical membrane into the
enterocyte cytoplasm, where it joins a buffered pool of free metal ion (60-63). In addition, some
mammals, especially carnivorous or omnivorous species, appear to have specific uptake routes
for dietary heme iron, but these are not well understood (55). Within enterocytes, DMT1
translation is governed by an IRE (iron response element) sequence in its mRNA (64). High iron
levels cause IRPs (iron response proteins) to bind to this sequence and prevent further
translation. In contrast, IRP binding to IREs in other genes leads to increased expression of
proteins that store or export iron (65, 66). In the cytoplasm, specific chaperone proteins such as
the PCBPs [Poly(rC)-binding proteins] have been implicated in binding and intracellular
trafficking of Fe2+, and may directly interact with DMT1 and other iron-transporting and ironstoring proteins to ensure proper delivery (67, 68). Enterocytes and other mammalian cells store
excess cytoplasmic iron in designated proteins known as ferritins, which oxidize and tightly
chelate Fe3+; these ferritins can then be degraded in lysosomes to mobilize the stored iron when
needed (69, 70). On the opposite end of the enterocytes at the basolateral membrane that faces
capillary blood vessels, ferroportin exports free Fe2+ into bloodstream (71, 72), where it is
immediately oxidized to Fe3+ by the membrane-embedded enzyme hephaestin (73). The Fe3+
cations then tightly bind to transferrin, a blood plasma iron-distribution protein (74).
Transferrin circulates in the bloodstream to directly distribute iron to all cells and tissues,
with the possible exception of the brain, where the blood-brain barrier may necessitate an
additional distribution mechanism (75). Destination cells express Transferrin receptors (TfRs) at
the plasma membrane, which form a complex with transferrin that is endocytosed (74, 76). V-
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type ATPases pump protons into the resulting vesicles, lowering the internal pH, which reduces
the affinity of transferrin for its Fe3+ cargo (74). Released Fe3+ is converted to its divalent form
by membrane-bound reductase STEAP3 (77, 78), after which it is transported across the
membrane to the cytoplasm by DMT1 (a separate isoform of this Nramp homolog than is
expressed in enterocytes) (79-82). Erythroblasts in the bone marrow are the major destination of
transferrin-bound iron, with the mitochondria—the location of heme production—the immediate
destination for most Fe2+ that enters the cytoplasm through this route (56). DMT1 may transport
Fe2+ across the outer mitochondrial membrane (83-85), while mitoferrin transports it across the
inner membrane (83). From the mitochondria, newly synthesized heme is exported through
dedicated transporters such as HRG-1 and incorporated into hemoglobin (86).
Erythrocytes contain most of the body’s iron supply, and most of the body’s daily iron
needs comes from recycling of dying red blood cells (53, 54, 56). This task is accomplished by
phagocytic cells of the innate immune system, which engulf senescent erythrocytes. In the
resulting phagosomes, hemoglobin is degraded and free heme is exported through dedicated
transporters (87). In addition, two Nramp homologs (Nramp1 and DMT1) also localize to the
phagosomal membrane and likely participate in recovery of free Fe2+ (88-90), but this amount is
likely trivial compared to the recovered heme (89, 91). In the cytoplasm, iron is extracted from
heme and exported through ferroportin to rejoin the circulating transferrin stores (56).
Finally, the liver plays the most critical role in regulating systemic iron. While iron
scarcity causes anemia, iron overload has its own deleterious effects (55). If bloodstream iron
exceeds the transferrin carrying capacity to yield significant free Fe2+, dangerous free-radical
producing chemical reactions with oxygen can occur (the Fenton reaction) (1, 66), while the risk
of infection rises as pathogens can more easily obtain this vital nutrient (3). In addition to the
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normal transferrin uptake route, hepatocytes also take up free (non-transferrin-bound) iron
through ZIP (Zrt- and Irt-like proteins) transporters and store the excess iron intracellularly (56,
92). These cells also monitor plasma transferrin iron levels and respond to elevated iron by
secreting the peptide hormone hepcidin (93). Hepcidin circulates through the bloodstream and
prevents further iron increase by binding to the iron exporter ferroportin, which is highly
expressed in iron-trafficking cells like macrophages and enterocytes (54). Hepcidin binding
causes ferroportin to be endocytosed and degraded, thus preventing these cells from releasing
any more iron (94). Hepcidin may also regulate intestinal DMT1 in a similar manner (95). In
addition, infection-related inflammatory cytokines stimulate hepcidin production to prevent iron
release (3).
This latter effect is part of the innate immune system’s metal withdrawal strategy to
combat infection—also known as “nutritional immunity”—as almost all pathogenic microbes
require iron in some quantity in order to reproduce (3, 30, 96). Pathogenic bacteria have evolved
intricate mechanisms to secure iron, including the secreted high affinity chelators known as
siderophores, as well as specific receptors that recognize heme and hemoglobin (96). Hosts
respond to infection by secreting lactoferrin, which like transferrin binds free iron with high
affinity and is less sensitive to pH (97); hemopexin and haptoglobin, which bind free heme and
hemoglobin respectively (96); siderocalin, which binds siderophores (96); and calprotectin,
which tightly chelates free Mn2+ and Zn2+ (98). In addition, macrophages that engulf pathogens
express the eponymous Nramp1, which aids in the killing of these microbes by extracting
essential divalent metals from the phagosomes (99-101), thus restricting their growth and
rendering them more susceptible to damage from the concurrent release of reactive oxygen
species (ROS) (30). Thus, a competition arises between the mammalian host’s Nramp1 and the
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pathogen’s MntH—which is implicated in virulence in several species (102-104)—to secure
Fe2+, Mn2+, and other essential metals.
As it has fewer vital roles in mammals than iron, manganese metabolism and trafficking
have not been studied in as great depth. Manganese is known to follow the DMT1-ferroportintransferrin-TfR-DMT1 distribution route systemically (105-107)—although there may be
alternative manganese-specific uptake routes (108)—and manganese and iron regulation may
occur via overlapping mechanisms (106, 109). Just like in prokaryotes, distinguishing between
similar metal cations presents challenges for mammals (1, 26, 28), as the cellular infrastructure
needed for iron trafficking such as DMT1 also leaves organisms susceptible to the accumulation
of toxic metals such as Cd2+, Pb2+, and Hg2+ (110-113)—which often bind more tightly to protein
active sites while not performing the desired catalytic function—as well as over-accumulation of
useful metals such as manganese, cobalt, nickel, copper, and zinc (99, 107, 114).
Maintaining proper systemic metal homeostasis—obtaining sufficient stores of these vital
nutrients but avoiding the deleterious effects of metal toxicity—is thus a delicate balancing act
that involves dozens of proteins, and the malfunction of any component can lead to major
systemic problems. Focusing on Nramp, deleterious mutations in DMT1 typically cause
microcytic anemia in mammals (61, 115-119). This condition results from poor absorption of
dietary iron in the intestines as well as poor distribution of iron to red blood cell precursors, and
results in erythrocytes deficient in mature hemoglobin (61). DMT1 mutations may also cause
liver iron overload (118, 120), though perhaps indirectly rather than as a result of an essential
DMT1 role in hepatocytes (57). Mice that completely lack the DMT1 gene die from severe iron
shortage shortly after birth (57), while those lacking only intestinal DMT1 suffer from chronic
iron deficiency (121). Deleterious mutations in Nramp1 lead to increased susceptibility to
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intracellular pathogens such as mycobacterium (122-124), and polymorphisms in human Nramp1
are associated with differential rates of bacterial infection (125).
Nramp homologs thus play critical roles in metal homeostasis in numerous contexts from
bacteria to man. The overarching goal of my dissertation research is to determine an atomic-level
biochemical mechanism for an Nramp-family transporter. Numerous studies preceding and
coinciding with my work have contributed to our understanding of the molecular structure and
mechanism of this important family, and I will introduce and address the relevant literature in
separate introductions to each of my four results chapters.
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CHAPTER ONE
Conserved methionine dictates substrate preference in Nramp-family divalent metal
transporters
Aaron T. Bozzi, Lukas B. Bane, Wilhelm A. Weihofen, Anne L. McCabe, Abhishek Singharoyb,
Christophe J. Chipot, Klaus Schulten, and Rachelle Gaudet

Author contributions: I designed the course of the research with Rachelle Gaudet and Lukas
Bane. I performed all the in vivo transport assays and made the initial discovery of the
methionine’s metal-selectivity role. Lukas Bane purified Nramps used in the in vitro transport
and binding assays, which we performed together. Lukas Bane and I analyzed the biochemical
data and wrote the manuscript with Rachelle Gaudet. Wilhelm Weihofen and Anne McCabe
developed the in vivo Co2+ uptake assay. Abhishek Singharoy and Christophe Chipot designed,
performed, analyzed, and described the molecular dynamics simulations, under the direction of
Klaus Schulten.
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Summary
Natural resistance associated macrophage protein (Nramp) family transporters catalyze uptake of
essential divalent transition metals like iron and manganese. To discriminate against abundant
competitors, the Nramp metal-binding site should favor “softer” transition metals, which interact
either covalently or ionically with coordinating molecules, over “hard” calcium and magnesium,
which interact mainly ionically. The metal-binding site contains an unusual, but conserved,
methionine, and its sulfur coordinates transition metal substrates, suggesting a vital role in their
transport. Using a bacterial Nramp model system, we show that, surprisingly, this conserved
methionine is dispensable for transport of the physiological manganese substrate and similar
divalents iron and cobalt, with several small amino acid replacements still enabling robust
uptake. Moreover, the methionine sulfur’s presence makes the toxic metal cadmium a preferred
substrate. However, a methionine-to-alanine substitution enables transport of calcium and
magnesium. Thus the putative evolutionary pressure to maintain the Nramp metal-binding
methionine likely exists because it—more effectively than any other amino acid—increases
selectivity for low-abundance transition metal transport in the presence of high-abundance
divalents like calcium and magnesium.
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Introduction
All organisms require transition metal ions as cofactors in proteins that perform a variety of
essential cellular tasks. Through evolution, organisms have developed mechanisms to acquire,
transport, and safely store essential metals such as manganese, iron, cobalt, and zinc. The Nramp
family of metal transporters represents a common transition-metal acquisition strategy conserved
across all kingdoms of life (48). The first discovered mammalian natural resistance associated
macrophage protein (Nramp1) is expressed in phagosomal membranes and likely extracts
essential metals to help kill engulfed pathogens (14, 126). Mammals use Nramp2, an essential
gene also called DMT1, to absorb dietary iron into the enterocytes that line the small intestine
(62) and to extract iron from transferrin-containing endosomes in all tissues. Bacteria express
their own Nramp homologs, which they typically use to scavenge manganese and other first row
divalent transition metals (127, 128). Lastly, most plants have several Nramp homologs that take
up iron and manganese, the essential cofactor in photosystem II, from the soil or vacuolar stores
(33, 34).
Nramps are generally thought to function as metal-proton symporters (48) and are able to bind
and/or transport a wide range of divalent transition metal substrates, including the biologically
useful metals Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+, as well as the toxic heavy metals Cd2+,
Pb2+, and Hg2+ (62, 113, 129-132). Nramps do discriminate against the divalent alkaline earth
metal ions Mg2+ and Ca2+ (129, 133) which are typically several orders of magnitude more
abundant than the transition metals (134). Using a bacterial Nramp homolog, Deinococcus
radiodurans MntH, we demonstrate the role of the conserved metal-binding site methionine in
conferring specificity against Ca2+ and Mg2+, thus explaining at the molecular level the metal
selectivity of Nramps.
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Results
Conserved metal-binding site methionine is not required for transition metal transport
To validate Deinoccocus radiodurans MntH (DraNramp) as a model system, we developed a
cell-based cobalt uptake assay adapted from a similar assay in yeast (135). In this colorimetric
assay, we quantify the relative Co2+ accumulation in Nramp-expressing E. coli at various time
points by precipitating the transported Co2+ to the black solid cobalt (II) sulfide (Figure 1.1A).
We observed time-dependent Co2+ uptake for DraNramp, Escherichia coli MntH (EcoNramp)
and Staphylococcus capitis MntH (ScaNramp) (Figure 1.1B), which roughly correlated with
expression levels of these His-tagged proteins (Figure 1.1C).
In the inward-facing conformational state revealed by the ScaNramp crystal structures, three
conserved side chains and a backbone carbonyl group formed the coordination sphere of bound
transition metals (129). In DraNramp, these correspond to D56, N59, M230 and the backbone
carbonyl of A227 (Figure 1.2A and 1.2B). The conserved methionine in the metal-binding site
was postulated to stabilize transition metal substrates, facilitating their transport (129). To better
understand the roles of the three metal-coordinating side chains, we mutated each residue to
alanine and measured Co2+ transport by the resulting DraNramp variants (Figure 1.2C). Loss of a
metal-coordinating residue that uses oxygen to bind the metal, D56 or N59, was detrimental to
Co2+ uptake, consistent with the previously demonstrated importance of these residues to the
transport of Co2+, Fe2+, Mn2+, and Cd2+ in bacterial and eukaryotic Nramp homologs (129, 136139).
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Figure 1.1. Validation of DraNramp using an in vivo cobalt transport assay. (A) E. coli
expressing DraNramp accumulated Co2+ over time, whereas cells with an empty vector control
(EV) did not. We detected relative Co2+ transport by adding (NH4)2S to form the black solid
CoS, which darkens the cell pellets in a quantifiable manner. (B) Overexpressing DraNramp,
EcoNramp, or ScaNramp enabled cobalt uptake into E. coli. Error bars are standard deviation
from the mean from four independent experiments. (C) DraNramp expressed better than
EcoNramp or ScaNramp when detected via Western blot using an anti-His fluorescent antibody,
which correlates with the observed in vivo cobalt transport differences. Notably, WT, D56A,
N59A, and M230A DraNramp variants are all expressed similarly. (D) We can detect Fe2+
transport in an analogous assay via the formation of the dark green FeS precipitate.
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Figure 1.2. The conserved metal-binding site methionine is not required for transport Co2+
and Fe2+. (A) The ScaNramp structure identified four residues that directly bind metal substrate
as D56, N59, A227, and M230 (DraNramp numbering). (B) Sequence logo of metal-binding site
from 2691 related sequences. Alignment was generated using HMMER with the DraNramp
sequence as the search sequence within the UniprotRef database, with an E-value cut-off of 1 x
10-9. Metal-coordinating residues are identified by gray rectangles. (C) In vivo Co2+ transport
was greatly reduced for D56A and N59A compared to WT DraNramp, but M230A retained full
activity. (D) Phenotypes for in vivo Fe2+ uptake were similar to Co2+. Error bars are standard
deviations (s.d.) (n = 4).
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In stark contrast to D56A and N59A, M230A, which lacks the metal-binding thioether sulfur,
transported Co2+ at rates and levels similar to WT DraNramp. We also observed this unexpected
mutant phenotype with another essential metal, as M230A and WT transported Fe2+ similarly,
To test the generality of this robust transport activity of the M-to-A mutant, we used Fura-2
fluorescence to measure metal transport by HEK cells expressing WT human Nramp2 or
binding-site mutants D86A and M265A. WT Nramp2 enabled Fe2+ and Co2+ transport (Figure
1.3A and 1.4A), in agreement with our DraNramp results, as well as Mn2+ and Cd2+ (Figure 1.4B
and 1.4C), but not Ca2+ (Figure 1.4D), consistent with previous studies with mammalian Nramp2
homologs (99, 129, 131, 133). However, in contrast to DraNramp M230A, M265A did not
transport any of the tested metals, similarly to the D86A loss-of-function phenotype, even though
both variants expressed as well as WT (Figure 1.4E).
To determine if DraNramp represented an evolutionary outlier, we tested Fe2+ transport by a
variety of bacterial Nramps, and their corresponding M-to-A and D-to-A mutants, expressed in
E. coli (Figure 1.3B and 1.3C and 1.5). Like DraNramp, the E. coli, Salmonella typhimurium,
Klebsiella pneumonia, Serratia marcescens, Pseudomonas aeruginosa, and Xanthomonas
campestris M-to-A mutants exhibited similar or enhanced Fe2+ transport relative to their WT
counterpart. In contrast, the S. capitis, Staphylococcus aureus, Streptococcus mutans, and
Deinococcus maricopensis M-to-A mutants showed significantly impaired Fe2+ transport. The
M-to-A mutation phenotype does not cluster in the phylogenetic tree; members of two distinct
evolutionary clades of Nramps tolerate a M-to-A substitution for Fe2+ transport (Figure 1.6)
(140, 141). Thus the observed differences are unlikely due to a broad mechanistic divergence
within the Nramp family, and instead likely depend on sequence and structure context. We
therefore decided to use DraNramp and its transport-competent methionine-less mutant to test
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Figure 1.3. The M-to-A mutation has species-specific effects on Nramp-dependent Fe2+
transport. (A) The M-to-A mutant in human Nramp2 does not transport Fe2+. We monitored
Fe2+ uptake in HEK 293 cells transfected with WT, D86A, or M265A HsNramp2, or an empty
vector (EV), using Fura-2 quenching upon binding Fe2+. Traces are representative of observed
metal uptake activity (n = 3). (B-C) The M-to-A mutation in the bacterial homologs EcoNramp
(B) and ScaNramp (C) display starkly different phenotypes for Fe2+ transport when expressed in
E. coli. Error bars are s.d. (n = 3). Mutants all expressed similarly to their respective WT (Figure
1.4E and 1.5B).
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Figure 1.4. The M-to-A mutant in human Nramp2 does not transport any tested metal
substrates. We monitored metal uptake in HEK 293 cells transfected with WT, D86A, or
M265A HsNramp2, or an empty vector (EV), using Fura-2 quenching upon binding Co2+ (A) or
Mn2+ (B), or 340 nm / 380 nm excitation ratio increase upon binding Cd2+ (C) or Ca2+ (D). WT
HsNramp2 efficiently transported Fe2+, Co2+, Mn2+, and Cd2+, while no significant above-EV
transport was observed for binding-site mutants D86A or M265A. No significant Ca2+ transport
was observed for WT or either mutant. Traces are representative of metal uptake activity
observed in at least three independently transfected samples. (E) The three HsNramp2 variants
expressed similarly in HEK 293 cells (GFP tag used for detection).
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Figure 1.5. Bacterial Nramp homologs display a range of M-to-A mutant phenotypes. (A)
Fe2+ uptake by E. coli cells expressing various bacterial Nramp homologs and their respective
binding-site mutants. Error bars represent standard deviations from the mean from three
independent experiments. (B) Western blots show that D-to-A (D) and M-to-A (M) mutants
express similarly to WT (W) counterpart for each species, except for the P. aeruginosa D-to-A
mutant which may not express. S. mutans WT and mutants are poorly detected on Western blots
which makes expression level comparison difficult.
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Figure 1.6. The distinct methionine mutant phenotypes are phylogenetically dispersed.
Prokaryotic Nramp homologs can be divided into three clades (140) in a maximum-likelihood
phylogenetic tree generated using phylogeny.fr (141), with eukaryotic Nramps most closely
related to clade C. Nramp homologs for which the M-to-A mutants displayed similar or
enhanced Fe2+ transport compared to their WT counterpart are distributed in both prokaryotic
clade A and clade C (green). Homologs for which the M-to-A mutation led to significantly
reduced Fe2+ transport include species in both clades A and C and human Nramp2 (maroon).
Also highlighted are the Oryza sativa Nramp-related aluminum transporter Nrat1 (magenta), two
Clostrididium acetylbutylicum Nramp-related magnesium transporters (NrmTs; blue), and four
Nramp-related genes from the heavy metal and acid tolerant extremophiles Acidimicrobium
ferrooxidans, Acidithiobacillus ferrooxidans, and Acidithiobacillus ferrivorans (cyan) (see
discussion). Given that homologs with transport-active M-to-A mutants do not segregate in any
one evolutionary clade, it is unlikely that a broad mechanistic divergence in metal binding or
selectivity exists between specific clades of the Nramp family. We speculate that species-specific
features of the environment surrounding the metal binding-site affect the relative importance of
the methionine residue for metal binding and transport. For example, the binding-site
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Figure 1.6 (continued)
environment may better facilitate water-mediated metal coordination in the M-to-A mutant in
some species than in others, resulting in transport-impaired M-to-A mutants providing a
suboptimal metal coordination sphere. Alternatively, the methionine may have a more important
role in conformational change and/or the outward-open state in some species than in others, such
that impaired transport in some M-to-A mutants may result from altered protein dynamics rather
than impaired metal binding. Further experiments will be required to test these hypotheses.
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the hypothesis that a primary role of this methionine is to specifically discriminate against
binding or transport of certain metals.

The methionine reduces alkaline earth metal competition
To test our metal-discrimination hypothesis, we compared Co2+ transport by WT DraNramp and
M230A in the presence of various concentrations of competing Mg2+, Ca2+, Mn2+, Zn2+, and
Cd2+, none of which form dark sulfide salts, and determined IC50 values for their inhibition of
Nramp-dependent Co2+ transport (Figure 1.7). Consistent with our hypothesis, both alkaline earth
metals Mg2+ and Ca2+ inhibited Co2+ transport by M230A more effectively relative to WT
(Figure 1.7C, 1.7D and 1.8B). In contrast, the first row transition metals Mn2+ (the physiological
substrate) and Zn2+, as well as the second row transition metal Cd2+, competed Co2+ transport
more effectively in WT relative to M230A (Figure 1.7A, 1.7B, 1.7D and 1.8A). For most tested
metals, this assay cannot discriminate between simple inhibition of cobalt transport or uptake of
the competing metal, as their sulfide salts are white (MgS, CaS, ZnS) or light brown (MnS).
However, WT DraNramp-expressing cells exposed to equal concentrations of Cd2+ and Co2+
turned yellow upon (NH4)2S addition, due to formation of the yellow solid cadmium (II) sulfide,
whereas M230A cells remained black (Figure 1.8C). Thus WT DraNramp preferentially
transports Cd2+ over Co2+, while M230A preferentially transports Co2+ over Cd2+. In summary,
the metal-binding site methionine reduces the competition from the environmentally abundant
Mg2+ and Ca2+ ions while also altering the relative substrate preferences amongst the rarer
transition metals.
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Figure 1.7. The metal-binding site methionine dictates DraNramp substrate competition
against Co2+. Uptake of 200 µM Co2+ by E. coli expressing either WT (black) or M230A (red)
DraNramp was measured in the presence of varying concentrations of competing divalent
metals. The transition metals Mn2+ (A), Cd2+ (B), and Zn2+ (Figure 1.8A) compete more
effectively for WT than for M230A DraNramp Co2+ transport. Conversely, the alkaline earth
metals Mg2+ (C) and Ca2+ (Figure 1.8B) compete more effectively for M230A than for WT
DraNramp Co2+ transport. Error bars are s.d. (n = 4). (D) IC50 values with standard error for
added metals calculated for each metal, assuming a Hill coefficient of 1.
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Figure 1.8. Competition of additional divalent metals against Co2+ for WT and M230A
DraNramp. Uptake of 200 µM Co2+ by E. coli expressing either WT (black) or M230A (red)
DraNramp was measured in the presence of varying concentrations of competing Zn2+ (A),
which competes WT Co2+ transport more efficiently than M230A, or Ca2+ (B), which competes
M230A Co2+ transport more efficiently than WT. (C) WT DraNramp transports Cd2+ in the
presence of Co2+. WT DraNramp-expressing cell pellets turned yellow under higher competing
Cd2+ concentrations due to the formation of the yellow CdS precipitate and the lack of significant
Co2+ uptake. In contrast, M230A-expressing cells still took up significant amounts of Co2+ even
in the presence of excess competing Cd2+, while cells containing an empty vector (EV) took up
neither metal to a significant level.
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The methionine is crucial for both promoting cadmium and reducing calcium transport To
directly test transport of additional metals, we reconstituted purified DraNramp into Fura-2loaded proteoliposomes, and monitored DraNramp-dependent transport over a range of Cd2+,
Mn2+, or Ca2+ concentrations. Mn2+ quenches Fura-2 fluorescence at 340 nm, allowing relative
influx measurements, and we determined intraliposome Cd2+ or Ca2+ concentrations using
ratiometric Fura-2 fluorescence (Figure 1.9A-D). Mn2+ was transported similarly by WT and
M230A, while D56A showed little Mn2+ transport activity (Figure 1.10A). In contrast, WT
transported Cd2+ much more efficiently than either M230A or D56A (Figure 1.10B), which
demonstrates the importance of both residues to making Cd2+ a good substrate. Importantly,
M230A transported Ca2+ more efficiently than either WT or D56A (Figure 1.10C), showing how
this methionine serves to deter Ca2+ transport. Our in vitro data suggest that the binding-site
methionine is dispensable for transport of the biological substrate Mn2+, consistent with our in
vivo observations for the similar metals Co2+ and Fe2+. However, the methionine is essential to
both promote transport of the toxic metal Cd2+ and prevent transport of the alkaline earth metal
Ca2+. Of note, the D56A mutation impaired transport of all tested substrates, demonstrating the
importance of the conserved aspartate to the general metal transport mechanism. In contrast, the
M230A mutation retains transport function, although with altered metal transport preferences,
suggesting the methionine functions as a selectivity filter.
To further investigate the underlying cause of the pronounced difference in Cd2+ transport by
WT and M230A DraNramp, we measured the in vitro Cd2+-binding affinity of these two proteins
using microscale thermophoresis (Figure 1.10D and E). We used purified Strep-tagged protein
that was Cy5-maleimide-labeled at a lone cysteine replacing R211 in extracellular loop 5-6; this
R211C/C382S construct shows WT-like Co2+ transport activity and similar Cd2+ and Mg2+
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Figure 1.9. Sample time traces of metal influx into proteoliposomes, purification of
DraNramp variants for reconstitution in liposomes, and validation of DraNramp
constructs used for microscale thermophoresis experiments. (A-C) Indicated concentrations
of Mn2+ (A), Cd2+ (B), or Ca2+ (C) is added at 5 min to proteoliposomes loaded with Fura-2, and
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Figure 1.9 (continued)
ionomycin at 65 min to measure maximal Fura-2 signal. (D) Coomassie-stained SDS-PAGE gels
showing the purification of WT, D56A and M230A DraNramp proteins by Ni-affinity
chromatography. Washes were performed with buffer containing 75 mM imidazole, and proteins
were eluted using 450 mM imidazole buffer. (E) MST constructs display same cobalt uptake
levels and cobalt competition assay metal preferences in in vivo transport assay as the analogous
WT and M230A constructs used in other experiments. Cobalt uptake and cobalt competition data
with MST constructs were collected in the same experiments as the data presented in Figure
1.12. Data are averages of four independent experiments with error bars showing standard
deviation from the mean. (F) WT and (G) M230A MST constructs show similar binding trends
with Mn2+. Because the noise is higher than observed with Cd2+, we did not calculate Kd values.
Data are representative of three independent experiments.
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Figure 1.10. In vitro transport and binding assays reveal M230’s role in metal selectivity.
(A-C) Initial transport rates for Mn2+ (A), Cd2+ (B), and Ca2+ (C), are shown for WT DraNramp
(black), M230A (red), D56A (blue), and empty (no protein) liposomes (grey). Error bars are s.d.
from n = 3 or 4. (D-E) Binding isotherms showing WT DraNramp (D) and M230A (E) affinity
for Cd2+. Representative data are shown (n = 4) and the error on KD is s.d.
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competition phenotypes (Figure 1.9E). WT protein bound Cd2+ with a KD of 10.6 ± 3.6 µM,
similar to the 29 ± 10 µM value determined for WT ScaNramp using ITC (129). In contrast,
M230A showed no clear Cd2+-binding signal. This demonstrates the importance of M230 for
Cd2+ binding in WT DraNramp, and suggests that reduced binding affinity directly causes Cd2+
transport impairment in M230A. In contrast, we observed a similar trend in binding behavior of
Mn2+ (which WT and M230A both transport) for WT and M230A (Figure 1.9F and G) although
we did not calculate Kd values due to the higher noise in the data.
To extend these observations regarding the differential importance of the methionine to the
transport of different metals, we performed a series of molecular dynamics simulations, which
we discuss in depth in the supplemental material, using the available ScaNramp structure to
compare how different ions equilibrate in and exit the conserved binding site (Figure 1.11).
These simulations showed that if an ion can interact favorably with the methionine, it
experiences greater stabilization in the binding site and a lower-energy exit pathway in the
intracellular conformation than an ion that cannot interact with the methionine.

Only the native M230 allows transition metal transport in high Mg2+ concentrations
To determine how the unique chemical properties of the binding-site methionine affect metal
transport and selectivity, we used our in vivo assay to measure Co2+ and Fe2+ uptake by a panel
of 20 DraNramp variants, with each possible amino acid substituted at position 230 (Figure
1.12A and 1.13). The clear trend is that only small residues – glycine, alanine, serine, threonine,
and cysteine – or the native methionine enabled efficient metal transport. This suggests that other
electron-donating functional groups can substitute for the thioether sulfur while preserving
transition metal transport. For example, alanine or glycine could provide enough room for one or
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Figure 1.11. Molecular dynamics simulations reveal lower overall energies for ions that
favorably interact with methionine sulfur. (A) Charge distribution for the MD simulations, for
Fe2+ (left) and Ca2+. Residue numbers correspond to ScaNramp, and dotted lines indicate
continuing backbone. (B) Equilibrium MD Gibbs free energy values for Ca2+ and Fe2+ ions in the
WT (black) or M226A (red) ScaNramp metal-binding site. Fe2+ was more stable in a WT site,
while Ca2+ was less stable. (C) Work values from SMD simulations for WT ScaNramp. Ca2+
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Figure 1.11 (continued)
(D49) refers to the work value for a Ca2+ to follow the Fe2+ pathway. (D) Configuration of ions at
the start and end (75 ns) of SMD simulations. Start is the initial binding configuration from
PDBID 4WGW. Waters are shown as red spheres, Fe2+ brown sphere, Ca2+ cyan sphere.
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Figure 1.12. Substitutions to small amino acids at position 230 retain metal transport
ability. (A) Initial Co2+ (black bars, 5 min time point) and Fe2+ (gray bars, 1.5 min time point)
transport levels measured for WT DraNramp or variants containing substitutions of M230 to
each of the 19 other amino acids expressed in E. coli (Figure 1.11B). We observed significant
transport (relative to WT) of both metals with the small residues alanine, cysteine, glycine,
serine, and threonine replacing M230. (B) While several mutants transported Co2+ efficiently
over the course of 60 min (black bars), only WT retains significant Co2+ transport with moderate
concentrations of competing Mg2+ (magenta bars). However, only WT and M230C showed
drastic reduction in Co2+ transport in with equal concentration of Cd2+ (gold bars). We used
competing Mg2+ and Cd2+ concentrations showing significant differences between WT and
M230A (Figure 1.7). Error bars are s.d. (n = 4).
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Figure 1.13. Mutation of DraNramp M230 largely did not impact protein expression. (A)
The crystal structure of Mn2+-bound ScaNramp (PDBID 4WGW) facilitates interpretation of our
functional data with various substitutions at position 230. In WT ScaNramp (center; DraNramp
numbering), the four conserved binding-site residues closely approach the bound Mn2+ ion
(purple sphere) to form stabilizing ligand-metal bonds. We hypothesize that replacement of
M230 with alanine in DraNramp may create enough space for one or more water molecules to
coordinate the metal (upper left). The M230T threonine hydroxyl may directly interact with the
metal or help align a water (upper right). The M230L large aliphatic side chain may exclude
water from the binding site (lower left). For M230C (lower right) our data suggest the cysteine
can directly interact with the metal to favor Cd2+. (B) Western blots show all M230 mutants
expressed well, although replacement with the larger hydrophilic side chains Asp, Glu, His, Lys,
Asn, Gln and Arg, as well as Pro, led to slightly decreased expression compared to WT.
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more water molecules to coordinate the metal (Figure 1.13A). Similarly, the threonine or serine
hydroxyl group may either directly bind the metal or help align a metal-binding water molecule,
but the striking functional difference between the isosteric threonine and valine residues
demonstrates the importance of this side chain hydroxyl. Additionally, little metal transport was
observed when we replaced M230 with the sterically similar but purely aliphatic isoleucine or
leucine side chain, emphasizing the importance of having an electron-pair donor at this position
to stabilize the metal substrate. Interestingly, we observed little metal uptake with larger residues
that do contain common metal-binding functional groups (asparagine, glutamine, histidine,
aspartate, glutamate). This may reflect the inability for large polar side chains to optimally orient
within the metal-binding site.
For WT DraNramp and the most active mutants, we measured end-point Co2+ uptake in the
absence or presence of the competing metals Cd2+ or Mg2+ (Figure 1.12B). Strikingly, 10 mM
Mg2+ inhibits all mutants, with only WT facilitating significant Co2+ transport. In contrast, 200
µM Cd2+ (1:1 ratio with Co2+) severely reduced WT DraNramp Co2+ uptake, but did not impair
the M230A, G, T, or S mutants to the same degree. Interestingly, Co2+ transport by M230C was
inhibited by Cd2+ similarly to WT, which suggests the cysteine thiol group can directly
coordinate the metal. Thus the presence of a binding-site sulfur, whether from cysteine or
methionine, is essential to making the toxic metal Cd2+ a preferred DraNramp substrate. In
conclusion, while five small amino acid side chains can effectively replace the methionine to
enable transition metal transport, only the native methionine offers robust selectivity in favor of
transition metals in the presence of competing Mg2+.
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The methionine confers tolerance to Ca2+ and Mg2+ while facilitating Cd2+ toxicity
To explore the biological relevance of metal selectivity, we determined the impact of different
metal-binding site configurations on growth of DraNramp-expressing E. coli strains in the
presence of various metals using a plate-based toxicity assay. We attribute impaired growth of
Nramp-expressing E. coli to toxic intracellular accumulation of metal substrates. M230A and
D56A-expressing strains similarly tolerated Cd2+ at levels which prevented growth of WTexpressing cells (Figure 1.14A), confirming the importance of both residues observed for Cd2+
uptake in liposomes. Likewise, Mn2+ inhibited growth of WT and M230A-expressing strains at
high micromolar concentrations that the D56A-expressing strains tolerated (Figure 1.14B),
which also echoes our liposome assay results. Interestingly, at low micromolar Mn2+
concentrations, M230A-expressing cells grew better than WT-expressing cells, which suggests
that M230 is important for Mn2+ uptake at low concentrations and/or amongst competing
alkaline earth metals (Ca2+ and Mg2+ are both present at hundreds of micromolar in LB-agar
(142)). Additionally, WT and M230A-expressing cells were more susceptible to Zn2+, and Fe2+
but not equivalent concentrations of Fe3+, than their D56A counterparts (Figure 1.14C and E).
Notably, M230A-expressing cells fared worse at concentrations of Ca2+ or Mg2+ that WTexpressing cells tolerated (Figure 1.14F and G), supporting our Co2+ competition assay data.
Interestingly, D56A-expressing cells grew noticeably less than WT-expressing cells at high Mg2+
or Ca2+ concentration, with a similar Ca2+-mediated impairment as M230A. This suggests that
removing either of these two residues may allow non-discriminatory metal inflow at high
concentration gradients, with the intact binding site perhaps functioning as the principal metal
transport gate. These metal toxicity observations were not unique to DraNramp, as EcoNrampexpressing cells likewise showed increased Cd2+, decreased Ca2+, and similar Mn2+ toxicity
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Figure 1.14. Metal toxicity assays demonstrate the importance of M230 in filtering out
abundant divalent metals. E. coli over-expressing either WT, M230A, or D56A DraNramp, or
an empty vector control (EV) in liquid culture were spotted on LB-agar containing indicated
divalent metal concentrations, and grown overnight. (A) M230A and D56A-expressing cells
tolerated Cd2+ concentrations toxic to WT-expressing cells. (B) Low Mn2+ concentrations
inhibited growth of WT-expressing cells, whereas M230A-expressing cells were inhibited at
higher concentrations of Mn2+ that D56A-expressing cells tolerated. (C) Zn2+ inhibited cells
expressing WT > M230A > D56A. (D) Control dilutions plated in the absence of added divalent
metals. (E) Fe2+, but not Fe3+, inhibited growth of WT- and M230A-expressing cells equally, but
not D56A-expressing cells. (F) WT-expressing cells grew on higher concentrations of Ca2+ than
either M230A- or D56A-expressing cells. (G) WT-expressing cells tolerated much higher Mg2+
concentrations than their M230A, and to a lesser extent, D56A counterparts. Images
representative of n = 3 results.
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Figure 1.15. Metal toxicity assays with EcoNramp demonstrate the same trends as seen
with DraNramp. E. coli overexpressing either WT, M209A, or D34A EcoNramp, or an empty
vector control (EV) in liquid culture were spotted onto LB-agar containing indicated
concentrations of divalent metals, and grown overnight. (A) M209A- and D34A-expressing cells
tolerated Cd2+ concentrations toxic to WT-expressing cells. (B) Mn2+ similarly inhibited growth
of WT- and M209A-expressing cells, while D34A-expressing cells were less sensitive. (C) Ca2+
inhibited the growth of M209A-expressing cells to a greater extent than WT-expressing cells,
with D34A-expressing cells somewhere in the middle. (D) Control dilutions plated in the
absence of added divalent metals. Images are representatives of results from three independent
experiments.
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compared to the EcoNramp M-to-A mutant-expressing cells (Figure 1.15). Overall, these metal
toxicity assays provide indirect evidence of metal transport in a biological setting that largely
corroborates our in vitro metal transport findings, and emphasizes the importance of the
methionine residue in selecting against the environmentally abundant Mg2+ and Ca2+, but also
increasing the ability to transport the toxic heavy metal Cd2+.

Discussion
Our study demonstrates the role of the conserved metal-binding site methionine as the selectivity
filter in Nramps. In contrast to the other binding site residues, it is not essential for transport of
many biologically useful transition metals in DraNramp and several other homologs, although a
mutation to alanine does slightly impair Mn2+ transport in some conditions. In addition, while
this mutation drastically decreases transport of the toxic metal Cd2+, it increases transport of
Mg2+ and Ca2+, which would likely be deleterious to most organisms.
Mutations of the binding site methionine have previously been investigated in a few species. In
EcoNramp, an M-to-I or M-to-K mutation eliminated Mn2+ transport (143), which agrees with
our lack of observed Fe2+ and Co2+ transport for those mutants in DraNramp. Consistent with our
findings regarding the methionine’s importance for Cd2+ binding and transport in DraNramp, an
M-to-A mutation in ScaNramp significantly decreased Cd2+ binding affinity, and the analogous
mutation in human Nramp2 reduced Cd2+ transport (129), a phenotype we replicated and
extended by showing loss of Co2+, Mn2+, and Fe2+ transport. We discovered a range of relative
Fe2+ transport abilities for M-to-A mutants in different bacterial homologs (Figure 1.3 and Figure
1.5) that stretched from no apparent activity for M226A ScaNramp to approximately WT-level
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transport in M230A DraNramp and M209A EcoNramp to enhanced transport in M236A S.
marcescens Nramp.
Our DraNramp results suggest that the main purpose of Nramp’s binding site methionine is to
reduce Mg2+ and Ca2+ transport, thus avoiding their overaccumulation and preventing
competition with the rarer transition metals that are Nramp’s intended substrates. Inorganic
chemistry theory helps explain how many proteins, including Nramp, evolved to discriminate
among similar metal ions by tuning their binding-site chemical and structural properties.
Interactions between metals and electron-donating ligands are typically strongest when either the
ionic or covalent nature of the bond is maximized (144). Thus highly electronegative ligands
such as oxygen form strong bonds with “hard” metal ions like Mg2+, which has a high charge in
a small radius. Conversely, less electronegative, more polarizable ligands such as sulfur form the
most stable bonds with “soft” metal ions like Cd2+, which better share electron density in a
covalent manner. In the empirical classification of metal ions as “hard” (favoring ionic
interactions), “intermediate” (capable of both ionic and covalent interactions), or “soft” (favoring
covalent interactions), Nramp’s biological substrates – the first row transition metals – are
considered “intermediate,” whereas Ca2+ and Mg2+ are “hard,” and Cd2+, Pb2+, and Hg2+ are
“soft.”. In Nramp’s binding site, the “soft” methionine sulfur is the sole exception; all other
metal-binding ligands are “hard” oxygens better suited to ionic bonds. The methionine therefore
selectively stabilizes transition metals capable of covalent and semi-covalent interactions.
Our data show that this methionine provides significant stabilization necessary for the binding
and transport of Cd2+, which like other soft toxic heavy metals can forge strong covalent-like
interactions with sulfur. Additionally, our results suggest that the magnitude of the net
methionine stabilization may be minimal for Nramp’s biological substrates (the intermediate first
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row transition metals), while the ionic-interacting hard alkaline earth metals Ca2+ and Mg2+
(which become better substrates upon the methionine’s removal) are effectively destabilized by
its presence.
One potential explanation for the M-to-A mutant phenotype is that alanine enables substrate
metal ions to retain one or more water ligands that they would otherwise shed upon coordination
by the WT binding site. The M-to-A mutation would therefore both improve the binding
environment for metals that prefer hard oxygen ligands (Mg2+ and Ca2+) and impair the ability of
a metal like Cd2+ that prefers soft ligands to bind, while having only a minor effect on net
affinity for intermediate metals that lack a strong preference between a hard and soft ligand. Our
M-to-X substitution panel results support this model (Figure 1.12): Small residues – which could
leave free space for water – all enabled transport of intermediate metals Co2+ and Fe2+, while
remaining susceptible to Mg2+ competition and decreasing Cd2+ preference (with the exception
of the sulfur-containing cysteine), whereas larger residues such as leucine – which may not
provide space for water – severely impaired transport.
Methionine is rarely found in binding sites for most metals, with the notable exception of copper
(145, 146). Yet the putative metal-binding site in the iron exporter ferroportin contains a
methionine (147), suggesting strategy similar to Nramps for selective transition metal transport.
Underscoring methionine’s key metal selectivity role, a functionally-diverged Nramp-related
transporter of the hard metal Al3+ in rice has a threonine (providing a hard oxygen ligand) in
place of the methionine while retaining the other binding-site residues (148). Similarly the
methionine is also replaced with threonine in two bacterial Nramp-related Mg2+ transporters
(149). Intriguingly, Nramp homologs from several extremophilic prokyarotes that flourish in
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highly acidic and heavy metal rich environments (150) have an alanine in place of the
methionine, suggesting this substitution is favored under the right selective pressure.
In this evolutionary context, Nramp’s binding site methionine likely represents a trade-off. We
propose that this residue was selected and conserved primarily for its ability to deter competition
from and transport of Ca2+ and Mg2+, rather than for it being an optimal ligand for its intended
substrates such as Mn2+ and Fe2+. The alkaline earth metals are highly abundant in the
environment (the ocean contains 50 mM Mg2+ and 10 mM Ca2+ (151)), and intracellular Ca2+
concentration is tightly regulated, with unchecked import disrupting cell viability, thus providing
a strong selective pressure to guard against accidental transport. In addition, as the first row
transition metals are approximately six orders of magnitude less abundant than the alkaline earth
metals (151), organisms require a robust discrimatory mechanism to find those essential metals
within a sea of Ca2+ and Mg2+. However, the binding site methionine also serves as an optimal
ligand for the toxic metal Cd2+, enabling it to become an ideal substrate for Nramps – a
detrimental property as Nramp activity has been linked to cadmium poisoning in mammals (152,
153). Nevertheless, the normally low environmental abundance of Cd2+ (two orders of magnitude
below Mn2+) likely did not provide significant selective pressure against the methionine on
evolutionary time scales. In conclusion, our results explain the ability of Nramps to transport a
variety of transition metals while highlighting the role of the conserved methionine in
specifically discriminating against the abundant hard alkaline earth metals.
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Methods
Cloning of Nramp constructs
pET21-N8H was derived from pET21a (Novagen) vector by adding an 8xHis-tag followed by a
new NdeI site between the NdeI and BamHI sites, and mutating the original NdeI site; replacing
multiple

cloning

site

region

CATATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGCGGATCC-3’
CTTATGCATCATCACCATCACCATCACCATATGTTGGAAAAGGGATCC-3’.

5’with

5’The

DraNramp coding sequence was amplified from genomic DNA (ATCC) and inserted in the NdeI
and NotI sites of pET21-N8H, or an analogously prepared pET21-NStrep vector containing a
StrepII-tag. ScaNramp was obtained from Raimund Dutzler (129), and the coding sequence
transferred to pET21-N8H. EcoNramp (from Mathieu Cellier) was transferred to a similarly
derived pET21-N10H vector and lacked the first 8 residues of the WT sequence. Nramp genes
from Salmonella typhimurium, Klebsiella pneumonia, Pseudomonas aeruginosa, and
Deinococcus maricopensis (amplified from genomic DNA), and from Serratia marcescens,
Xanthomonas campestris, and Streptococcus mutans (from Mathieu Cellier) were inserted into
pET21-N11H. Staphylococcus aureus Nramp (from Nancy Andrews) was inserted into a pET21C10H vector. Human Nramp2 (from DNASU) was inserted into pCDNA3 vectors with or
without a C-terminal eGFP. Mutagenesis restored the highly conserved Q119, replacing the
lysine present the DNASU plasmid. Quikchange mutagenesis (Stratagene) was used to make
mutations. Coding sequences were confirmed by DNA sequencing.
Expression and purification of Nramp constructs
Bacterial proteins were expressed for purification and all functional assays in E. coli C41(DE3)
cells. While this strain is WT for the E. coli Nramp gene (MntH), available expression data
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indicate that the endogenous MntH is expressed primarily when iron is scarce or H2O2 is
present ((154) and references therein). Consistent with this expression pattern, our Co2+ and
Fe2+ uptake data show very little background uptake, further supporting our assumption that the
overexpressed Nramp variant is responsible for the observed signals. For in vivo assays, E. coli
were grown in lysogeny broth (LB) + 100 mg/L ampicillin at 37°C, inducing at OD600=0.6 with
100 µM IPTG. To allow for Nramp expression, cells were shaken for 75 minutes (most in vivo
metal uptake and competition experiments), 90 minutes (for plate-based toxicity assays), or 4
hours (Fe2+ uptake experiments in Figure 1.3 and Figure 1.5). For in vivo metal uptake assays
cells were washed twice in Co2+ assay buffer before plating and initiating metal uptake.
For protein purification, terrific broth with 10% (w/v) glycerol and 100 mg/L ampicillin was
inoculated by diluting overnight culture 1:50. Cells were grown at 37°C to OD600=1.0, induced
with 100 µM IPTG for 4 h, harvested, flash frozen in liquid nitrogen and stored at -20°C. Protein
purification was done at 4°C. Cells from a 12 L culture were lysed by sonication in three
volumes of lysis buffer (20 mM NaPO4 pH 7.0, 75 mM imidazole-HCl pH 7.0, 500 mM NaCl,
10% glycerol) plus 1 mM PMSF, 1 mM benzamidine, 0.3 mg/mL DNAseI and 0.3 mg/mL
lysozyme. After removing debris by 20 min centrifugation at 15,000 rpm in a JA-20 rotor
(Beckman), membranes were pelleted in 70 min at 45,000 rpm in a Ti-45 rotor (Beckman
Coulter), and resuspended in 35 mL lysis buffer + 1% w/v β-dodecylmaltoside (DDM). After 1
hr, insoluble material was removed by 35-min centrifugation at 35,000 rpm in a Ti-45 rotor. The
supernatant was filtered through a 0.45 µm filter, then loaded onto 5 mL Ni-Sepharose (GE
Healthcare) pre-equilibrated with lysis + 0.03% β-DDM, and washed thrice with 50 mL lysis +
0.03% β-DDM. Protein was eluted in 25 mL by increasing imidazole to 450 mM, and
concentrated to ~1 mL in a 50 kDa cutoff centrifugal concentrator. Ni-affinity purification results
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are shown in Figure 1.9D. Following buffer exchange on Superdex S200 (GE Healthcare) to 20
mM HEPES pH 7.5, 150 mM NaCl, and 0.1% (w/v) β-decylmaltoside (DM), protein-containing
fractions were analyzed using SDS-PAGE, pooled, and concentrated to ~1 mg/mL.

Purification and fluorescent labeling of Strep-tagged Nramp constructs
Solubilized membranes of cells expressing Strep-tagged DraNramp with two additional
mutations (R211C and C382S) that serve to insert a single cysteine in an extracellular loop were
prepared as above, replacing lysis buffer with buffer W (100 mM Tris pH 8.0, 150 mM NaCl),
then loaded onto a 3 mL Strep-Tactin Superflow (IBA) column pre-equilibrated with buffer W +
0.03%

-DDM, and washed five times with 3 mL buffer W + 0.03%

eluted in six 1.5 mL fractions with buffer W + 0.03%

-DDM. Protein was

-DDM + 2.5 mM desthiobiotin. Protein-

containing fractions were buffer-exchanged into 150 mM NaCl, 10 mM HEPES pH 7.5, and
0.03%

-DDM. Protein was concentrated to ~5 mg/mL in a 50 kDa cutoff centrifugal

concentrator. The protein was labeled with the red fluorescent maleimide dye NT-647
(NanoTemper Technologies) by incubating 30 µM dye with 10 µM protein for 30 min. Labeled
protein was separated from free dye using a desalting column. Protein fluorescence was
measured and both WT and M230A eluted proteins were diluted to a concentration of 100 nM
into buffer containing 150 mM NaCl, 10 mM HEPES pH 7.5, and 0.03%

-DDM.

DraNramp microscale thermophoresis (MST) binding assay
Purified strep-tagged fluorescently-labeled DraNramps were diluted to 100 nM in 150 mM NaCl,
10 mM HEPES pH 7.5, and 0.03%

-DDM, mixed 1:1 with 14 serially-diluted CdCl2 solutions,

and loaded into Premium Coated capillaries (NanoTemper Technologies). Thermophoresis data
were obtained with a NanoTemper Monolith NT.115 at 70% LED and 80% MST power, and 3047

s MST time and analyzed using GraphPad prism.
DraNramp reconstitution and proteoliposome activity assays
Lipids (50:35:15 POPE:POPC:POPG [Avanti Polar Lipids]) and freshly purified DraNramp at a
1:500 mass ratio, and 5 mM β-DM, were dialyzed against 10 mM MOPS pH 7.0 and 100 mM
KCl at 4°C for 2-3 days and at room temperature (RT) for 1 day. After three freeze-thaw cycles
to incorporate Fura-2 (100 µM), liposomes were extruded through a 400-nm filter, separated
from bulk dye on a PD-10 column (GE Life Sciences), and diluted three-fold into 10 mM MOPS
pH 7.0 and 100 mM NaCl in a 96 well black clear-bottom assay plate (Greiner). After measuring
baseline fluorescence for 5 min, metal substrate was added, along with 50 nM valinomycin to
establish a negative internal potential. Fluorescence (λex=340 and 380 nm; λem=510 nm) was
monitored at RT for 70 min, adding ionomycin (0.25 µM) at 60 min to measure maximum
signal. The intraliposome concentration of Cd2+ or Ca2+ was determined using: [M2+]inside =
([M2+]free[Fura-2]total)/(KD + [M2+]free) + [M2+]free, where KD is for M2+ and Fura-2 (Cd2+ = 1 pM;
Ca2+ = 135 nM) (155, 156). Transport rates were determined by linear regression of the data for
the first 10 min after adding Cd2+ or 60 min after adding Mn2+ or Ca2+.
In vivo metal uptake assays in E. coli
E. coli expressing bacterial Nramps at OD = 5.26 in 190 µL assay buffer (50 mM HEPES pH 7.3
[or MES pH 6.4 for Figure 1.3 and Figure 1.5 data], 60 mM NaCl, 10 mM KCl, 0.5 mM MgCl2,
0.217 % glucose) were distributed into 96 well plates at 37°C. To initiate uptake, 10 µL 20X
metal solution (either 4 mM Co(NO3)2, 4 mM freshly made FeSO4 in 4 mM ascorbic acid, or a
mixture of 4 mM Co(NO3)2 with competing metal as chloride salt) was added. To quench uptake
10 µL 100 mM EDTA (20 µL of 200 mM EDTA when Ca2+ or Mg2+ was included) was added.
Cells were pelleted and washed thrice before precipitating the metal with 1% (NH4)2S. Scanned
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images of the resulting pellets were converted to black and white and pellet darkness was
determined using ImageJ64.
Data analysis for in vivo metal uptake assays in E. coli
ImageJ64 was used to determine the pellet darkness for each sample at each timepoint. For the
timecourse experiments, the average of WT DraNramp endpoint darkness (60 min for Co2+ or 30
min for Fe2+) was set as 100% transport, with other mutants and other species compared
relatively. For the WT vs M230A metal competition experiments (Figure 1.7), the average of
five replicate WT 60-min Co2+-only darkness values was set to 100% transport. The empty
vector darkness values for each metal combination was subtracted from the corresponding WT or
M230A value to determine DraNramp-dependent Co2+ uptake. IC50 values were calculated in
Prism (Graphpad Software). For these fits, the average relative cobalt transport in the absence of
competing metal (except 0.5 mM Mg2+) was set as the upper threshhold (1.000 for WT, 0.967 for
M230A), no cobalt transport (0.00) was set as the lower threshhold, and the Hill slope was set to
1 as only one metal binding site is expected. Data were similarly treated (minus IC50 value
calculations) for the M230X Co2+ competition experiments in Figure 1.12B.
Metal toxicity assay
IPTG-induced E. coli expressing bacterial Nramps (1 µL of dilutions to OD600=0.01, 0.001, or
0.0001 in LB) were plated onto LB-ampicillin agar containing various concentrations of added
metal, and the plates imaged using an AlphaImager system after ovenight incubation at 37°C.
Gamma values were adjusted the same way for all images to increase contrast.
Transfection and dye-loading of HEK293 cells for in vivo metal uptake assays
HEK293 cells were grown until confluent in DMEM supplemented with GlutaMAX, penicillin,
streptomycin, and 10% FBS. To transfect cells, 2 µg plasmid was mixed with 200 µL 250 mM
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CaCl2 and added to 220 µL 2X HEPES-buffered phosphate (250 mM NaCl, 10 mM KCl, 40 mM
HEPES, 12 mM dextrose, 1.4 mM Na2HPO4, pH 7.05), then added drop-wise to 3.3 x 105 cells in
2.2 mL media and mixed. Cells (200 µL/well) were plated in a poly-D-lysine coated 96-well
assay plate (Corning) and incubated overnight in a 37°C before changing the media and
transferring to 30°C for 48 hours. Media was then replaced by 50 µL of 5 µM Fura-2AM in dyeloading buffer (150 mM sodium gluoconate, 10 mM NaCl, 10 mM glucose, 2 mM CaCl2, 10 mM
HEPES pH 7.2, and 0.02% pluronic F-127). Cells were incubated for 45-60 min, then washed
with 180 µL of dye-loading buffer for at least 60 min to remove excess dye. For the metal uptake
assay, loading buffer was then replaced with 50 µL assay buffer (150 mM NaCl, 4.5 mM KCl,
0.2 mM MgCl2, 10 mM glucose, 20 mM MES pH 5.5).
In vivo metal uptake assays in HEK293 cells
Fifty µL 150 mM NaCl, 4.5 mM KCl, 0.2 mM MgCl2, 10 mM glucose, 20 mM MES pH 5.5
were added to transfected Fura-2-loaded HEK293 cells. Fluorescence (λex=340 and 380 nm;
λem=510 nm) was monitored for a 2-4 min baseline, and 45 min after adding 25 µL 3X metal
solution (Co(NO3)2, MnCl2, CdCl2, CaCl2, or FeSO4 + ascorbic acid).
Western blots
Cells at OD600=5.26 were spun down and resuspended in the same volume of 6 M urea, 0.5%
SDS, and 0.1M Tris-HCl pH 7. SDS sample buffer (4X) was added and 8-12 µL sample run on
12% SDS-PAGE, then transferred to PVDF membranes (GE Life Sciences). At RT, membranes
were blocked in TBST (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween 20) + 3% BSA for 1 h,
stained with Anti-Penta-His Alexa Fluor 647 Conjugate (QIAGEN) at a 1:1500 ratio in TBST +
1% BSA for 1 h, washed thrice in TBST, and imaged on a GE Amersham Typhoon Imager at an
excitation of 633 nm and emission of 670 nm.
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In gel fluorescence measurements
HEK293 cells were transfected as above (using C-terminal eGFP tagged constructs) and 2
mL/well was plated in a 12-well dish. After 48 hours at 30°C, cells were detached by replacing
the media with 1 mL of ice-cold PBS. Cells were pelleted and resuspended in 200 µL of lysis
buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% Triton X-100, 0.1 % SDS, 5 mM EDTA, with 1X
Protease Inhibitor Cocktail (biotool.com)) and the total protein concentration of the lysate was
determined by Bradford Assay. Equal amounts of protein were mixed with 4X SDS loading
buffer, and 27 µg per well were run on a 12% SDS-PAGE gel. In In-gel fluorescence was
measured using a GE Amersham Typhoon Imager at an excitation of 488 nm and emission of
520 nm.
Extended Discussion of Molecular Dynamics Simulations
Molecular dynamics simulations illustrate effects of the methionine in metal selectivity
To further explore the molecular basis for our experimental observations, we performed a series
of molecular dynamics (MD) simulations using the available ScaNramp structure (129). Note
that although the transport properties of DraNramp and ScaNramp differ, both share the same
conserved metal-binding residues. Parameters for Ca2+ were obtained from CHARMM (157,
158). Fe2+ parameters were deduced from those of heme-Fe2+ (159) using charge-transfer
corrections (160), in particular the methionine sulfur charge was redistributed onto the iron to
reduce its effective positive partial charge (Figure 1.11A). While this method is ad hoc, offering
a static view of charge-transfer phenomena, it has provided useful models for the energetic and
bonding interaction distributions for different metal ions in different configurations and binding
site geometries.
Equilibrium MD simulations confirmed that Fe2+ experienced a more favorable interaction than
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Ca2+ in the same configuration of the WT metal-binding site (Figure 1.11). The Ca2+-interaction
energies remained essentially unchanged in simulations of an in silico M-to-A mutation,
suggesting that Ca2+-methionine interactions contribute only marginally to the Ca2+-interaction
energies in WT Nramp.
We also performed steered MD (SMD) simulations to explore the initial unbinding of the metal
ion by lowering the coordination number of the binding site over 100 ns (161, 162). Although we
did not observe complete unbinding within the timescale of the simulation, the metal-ion
movements did lead to structural changes in the coordinating groups. Consistent with
equilibrium simulations, a sulfur-mediated unbinding pathway seen with Fe2+, in which the
methionine flips to allow ion exit, was less energetically expensive than a non-sulfur-mediated
pathway seen with Ca2+, where a glutamine interacts with the exiting Ca2+ (Figure 1.11C and D).
Thus, these simulations, in which interactions with the methionine sulfur—modeled as
stabilizing transition metal ions–-yielded overall lower-energy unbinding pathways, are
consistent with and provide an atomic-level explanation for our experimental observations that
transition metal ions are preferentially transported by WT DraNramp, whereas the M230A
mutant is less selective.
Equilibrium MD simulations suggest a stronger metal-sulfur interaction yield higher metal ion
binding affinity
In our equilibrium MD simulations, we observed that the metal ion interaction energy, averaged
over 100 ns (simulations in triplicate, see methods below), was strongest for Fe2+, compared to
Ca2+ (-13.8 ± 0.7 and –5.2 ± 5.0 kcal/mol, respectively; Figure 1.11B). Decomposing the forcefield interaction energy into various components, the increased stability of Fe2+ over Ca2+ stems
from its stronger van der Waals interaction with the M226 sulfur (-0.40 ± 0.02 vs 5.3 ± 0.6
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kcal/mol); the sidechain-metal ion electrostatic interactions within the binding pocket are similar
for Fe2+ and Ca2+ (-14.2 ± 0.7 to –10.5 ± 4.4 kcal/mol). Furthermore, the Ca2+-interaction
energies remained unchanged in simulations of an in silico M-to-A mutation (-5.4 ± 4.0
kcal/mol), suggesting that Ca2+-methionine interactions contribute little to the Ca2+-interaction
energies in WT Nramp.
Steered MD simulations suggest the softer ions access sulfur-mediated exit pathway
The SMD simulation of Fe2+ in the ScaNramp binding site, in which we lowered the
coordination number of the binding site over 100 ns, revealed a M226-mediated exit pathway for
the metal ion: The methionine sidechain flipped out of the binding site, essentially guiding the
ion out of the binding pocket toward the intracellular vestibule (Figure 1.11D). The work
required to induce this exit path was 6.8 kcal/mol. In contrast, Ca2+ accessed a D49-mediated
pathway, which involved more work, 13.1 kcal/mol, than the Fe2+ exit (Figure 1.11C and D). In
addition, after exiting the pocket through the higher-work pathway toward the extracellular side,
Ca2+ found a secondary binding site, interacting with Q389.
We then performed another simulation in which we steered the Ca2+ ion to exit in the same
direction as the Fe2+ ion. The work required for Ca2+ to exit through this methionine-mediated
pathway was an order of magnitude more expensive than its D49-mediated pathway (158.0 vs
13.1 kcal/mol). This increase in work is likely explained by conformational changes: the M226
shifted its backbone (ϕ,ψ) angles to allow Ca2+ to exit. Taken together, a direct exit of an ion to
the water pool from the binding site via a methionine-mediated flip seems more energetically
feasible than a methionine-independent pathway. Because methionine interacts more strongly
with softer atoms (Figure 1.11), the low-work exit pathway is selectively accessible to softer ions
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such as Fe2+. These simulations therefore suggest that methionine interactions and conformations
at equilibrium underlie the ion selectivity of Nramp transport.
Molecular dynamics simulation system preparation
All molecular dynamics (MD) simulations were performed with NAMD 2.10 using our XSEDE
allocations on the Stampede supercomputer. The ScaNramp structure (PDBID 4WGW) was
inserted into a lipid membrane, solvated, and ionized using the Membrane Builder tools on
CHARMM-GUI (163). Although ScaNramp structure was determined as a dimer in the
asymmetric unit, the simulations were performed on the functionally relevant monomeric state
corresponding to Chain A. To determine the transmembrane orientation of a monomeric
ScaNramp, a search was performed on the orientation of known LeuT protein monomers (PDB:
2WSW, 2X79, 3GIA, 3TT3, 4C7R), including both inward-facing and outward-facing states,
using CHARMM-GUI. The orientation of all these proteins were comparable within an
azimuthal angle deviation of 15o about the membrane normal Z-axis. Finally 4WGW-A was
aligned to the five structures to derive its membrane orientation. The lipid composition was 3
POPE: 2 POPC: 1 POPG, as has been successfully used for modeling bacterial membranes (164).
An initial membrane of surface area 110 Å × 110 Å was constructed in the XY plane about the
protein. The protein-lipid construct was solvated with 25-Å thick layers of water along the
Cartesian Z direction, and ionized to charge neutralization using Monte Carlo sampling of Na+
and Cl− ions at 0.15 M concentration. The overall system size was 103189 atoms. Prior to
simulation the system was subjected to 10,000 steps of conjugate gradient energy minimization,
followed by 100 ps of thermalization and 25 ns of equilibration. During the first 10 ns of the
equilibration stage, the protein was kept fixed, allowing the lipids, ions and water molecules to
equilibrate, while the subsequent 15 ns of equilibration also included the protein.
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Force field parameters
All simulations were performed using the CHARMM36 force field for the proteins and lipids
(165). The TIP3P model was used to simulate water (166). The parameters for the Nramp-bound
metal ions are described in some detail here. Our biochemical results and previous work (129)
implicated M226 (ScaNramp numbering) in increasing transport or binding propensity of Mn2+,
Fe2+, Cd2+ and Zn2+ over Ca2+ ions. We performed MD simulations primarily to validate the role
of the methionine in selectivity. To fully capture the effects of electron delocalization on metal
ion binding would require more rigorous quantum-chemical calculations to develop appropriate
polarizability and charge-transfer force field parameters, which is beyond the scope of the
current study. We thus used established methods to model metal ions, remaining in the pairwiseadditive approximation. Classical force field parameters are unavailable for Mn2+, but some
parameters are available for Ca2+ and Fe2+. The commonly used reduced heme parameters (159),
which are also distinct from the Ca2+ ones, were corrected for partial charges using M. L. Klein’s
suggested corrections (160) to model Fe2+ in the binding site. In particular, the methionine sulfur
charge was delocalized on the iron to reduce its effective positive partial charge (Figure 1.11A).
However, we refrained from including charge delocalization effects between the cation and
binding-site acidic groups as relevant information was only available for Fe2+ and not for Ca2+.
Thus, at the force field level, the ions only differ by their interactions with the methionine sulfur.
Specifically, Fe2+ is predefined to be more strongly interacting than Ca2+. Our simulations thus
simulated metal-ion binding using classical force fields that approximated different extents of the
metal ion-M226 interaction: Ca2+ interacts minimally, and Fe2+ interacts substantially via explicit
accounting of charge redistribution through modifying conventional Coulomb and van der Waals
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parameters. Both the Ca2+ and Fe2+ parameters have been used in several past metalloenzyme
simulations over a range of coordination sites (e.g. (167-170)).
Simulation parameters
For equilibrium MD, systems were kept at constant temperature (T=310 K) using Langevin
dynamics for all non-hydrogen atoms with a Langevin damping coefficient of 5 ps−1. A constant
pressure of 1 atm was maintained using the Nosé-Hoover Langevin piston with a period of 100 fs
and damping timescale of 50 fs. Simulations were performed with an integration time step of 1 fs
where bonded interactions were computed every time step, short-range non-bonded interactions
every two steps, and long range electrostatic interactions every four steps. A 12-Å cutoff was
used for van der Waals and short-range electrostatic interactions, with a switching function
starting at 10 Å for van der Waals interactions to ensure a smooth cutoff. The simulations were
performed under periodic boundary conditions, with full-system, long-range electrostatics
calculated by using the PME method with a grid point density of 1/Å. The unit cell was large
enough that adjacent copies of the protein did not interact via short-range interactions. We then
performed 500 ns of MD simulation at 310 K. The final 100 ns were repeated thrice to examine
the statistical significance of the result.
Steered MD (SMD) simulations were performed with the equilibrium MD parameters, reported
above, together with the coordination number collective variable within NAMD’s colvar module
(161, 162). The coordination number of the metal ion (Fe2+ and Ca2+) with binding-site residues
(D49, N52, A223) was set to zero over a timescale of 200 ns, using a force constant of 5
kcal/mol/Å, and the resulting exit pathway of the metal ion was monitored to investigate its
interactions with the M226 sidechain.
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Nonequilibrium work values were calculated from the SMD trajectories to yield a semiquantitative measure of the relative energy cost for metal ion unbinding. The work performed by
the harmonic force was computed by numerical integration of the force applied by the potential
over time multiplied by the total displacement (171). Pathways requiring lower work to unbind a
metal ion are expected to be statistically more amenable.
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CHAPTER TWO
Crystal structure and conformational change mechanism of a bacterial Nramp-family
divalent metal transporter
Aaron T. Bozzi, Lukas B. Bane, Wilhelm A. Weihofen, Abhishek Singharoy, Eduardo R.
Guillen, Hidde L. Ploegh, Klaus Schulten, and Rachelle Gaudet
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assistance to generate the final structural model. I generated most of the DraNramp mutants and
performed all in vivo and in vitro metal transport assays as well as cysteine accessibility assays,
and analyzed the resulting data. I wrote the manuscript with Lukas Bane and Rachelle Gaudet.
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Summary
The widely-conserved natural resistance associated macrophage protein (Nramp) family of
divalent metal transporters enables manganese import in bacteria and dietary iron uptake in
mammals. We determined the crystal structure of the Deinococcus radiodurans Nramp homolog
(DraNramp) in an inward-facing apo state, including the complete transmembrane (TM) segment
1a—absent from a previous Nramp structure. Mapping our cysteine accessibility scanning results
onto this structure, we identified the metal permeation pathway in the alternate outward-open
conformation. We investigated the functional impact of two natural anemia-causing glycine-toarginine mutations, which impaired transition metal transport in both human Nramp2 and
DraNramp. The TM4 G153R mutation perturbs the closing of the outward metal permeation
pathway and alters the selectivity of the conserved metal-binding site. In contrast, the TM1a
G45R mutation prevents conformational change by sterically blocking the essential movement of
that helix, thus locking the transporter in an inward-facing state.
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Introduction
Nearly all organisms require iron to survive. Iron’s oxidation state cycle is ideal both to catalyze
essential redox reactions as a cofactor in numerous enzymes and to provide a pathway for
electron transport across membranes. In addition, heme iron is used for oxygen transport and
storage, enabling aerobic respiration. Organisms have thus evolved mechanisms to acquire,
traffic, and safely store this crucial transition metal (172, 173). The natural resistance associated
macrophage protein (Nramp) family of divalent metal transporters plays a vital role in
mammalian iron homeostasis (174). Expressed in phagosomal membranes, Nramp1 both helps
macrophages kill engulfed pathogens by extracting iron and other essential transition metals
(175), and enables iron recycling from dying erythrocytes (176). Mammals abundantly express a
second homolog, Nramp2—also known as divalent metal transporter 1 (DMT1)—in intestinal
enterocytes to enable absorption of dietary iron (62). Nramp2 is also expressed at lower levels in
endosomal membranes of most somatic cells (177), where it enables extraction of transferrinbound iron from vesicles, an especially important process in erythropoiesis (178, 179).
To maintain homeostasis, mammals tightly regulate iron uptake and transport (180), primarily
through translation and localization of Nramps (181, 182). An overabundance of free iron
generates free radicals that cause tissue damage and increases susceptibility to infection (183). In
contrast, iron deficiency causes anemia (184). Accordingly, mutations in Nramp2 are implicated
in anemia in humans and rodents (185, 186). The same glycine-to-arginine mutation (G185R)
causes microcytic anemia in both mice (187) and Belgrade rats (188, 189), and altered protein
localization in enterocytes (60). This mutation reduces iron transport when expressed in
mammalian cell lines (133, 190, 191), with a concomitant increase in permeability to calcium—
typically a poor Nramp substrate—in G185R-transfected cells compared to WT counterparts
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(133). A glycine-to-arginine mutation (G75R) in human anemia patients may abrogate irontransport function (186, 192, 193). However, the molecular mechanisms by which these
mutations perturb Nramp metal transport and cause anemia remain unknown.
The Nramp family spans the tree of life, with homologs that perform a range of essential divalent
transition metal transport functions, likely as secondary transporters that harness a proton
gradient (194). Based on sequence analyses, Nramp homologs form four major phylogenetic
clades: the eukaryotic Nramps and the prokaryotic A, B, and C clades (140). The crystal
structure of Staphylococcus capitis Nramp (ScaNramp), belonging to clade C, confirmed a LeuT
fold—named for the bacterial sodium/amino acid symporter (195)—for Nramps, as previously
predicted (129, 196).
By the alternating access model for membrane transport proteins (197), Nramps should cycle
between at least two stable conformations: outward-facing to bind its metal substrate, and
inward-facing to release its cargo into the cytosol. The ScaNramp structure, in an inward-facing
state, revealed a metal-binding site, which consists of conserved aspartate, asparagine and
methionine residues, and a backbone carbonyl from transmembrane segments (TMs) 1 and 6 that
coordinate a range of divalent metal substrates (129), with the methionine providing a selective
preference for transition metals over alkaline earth metals (198).
Here we present the crystal structure of the Deinococcus radiodurans Nramp homolog
(DraNramp) from prokaryotic clade A. The DraNramp structure represents an inward-facing apo
conformation, with TM1a, absent from the ScaNramp crystallization construct, swung up to open
a large intracellular vestibule. We use this structure along with extensive cysteine accessibility
and metal transport measurements to propose a model for conformational change in this LeuTfold transporter and explain the mechanistic effects of two anemia-causing mammalian Nramp2
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mutations. In our model, reaching the outward-facing state requires TM1a to approach the
protein core to close the intracellular vestibule. This motion is prevented by an N-terminal
glycine to arginine mutation that mimics an anemia causing mutation in human Nramp2. The
second disease-mimicking glycine-to-arginine mutation alters the extracellular vestibule and
metal-binding site, resulting in reduced transport activity and altered selectivity.

Results
DraNramp inward-facing structure shows a highly kinked transmembrane helix 1
We determined the crystal structure of detergent-solubilized DraNramp (38% sequence identity
with ScaNramp) in complex with a monoclonal antibody fragment (Fab) to 3.9-Å resolution
(Table 2.1). Crystallization was facilitated by intracellular surface mutations (Figure 2.2B; see
below). We used a ScaNramp-based homology model and the Fab fragment crystal structure as
molecular replacement search models, with additional phasing provided by single-wavelength
anomalous signal from three osmium ions bound to the Fab or at crystal contacts (Figure 2.3).
Refinement was facilitated by using xMDFF (199, 200). In particular, we used a combination of
xMDFF and steered molecular dynamics to optimize our TM1a model, exploring different TM1a
positional registries corresponding to a screw axis rotation of approximately one helical turn. The

assigned TM1a registry (Figure 2.2D) both yielded the lowest R factor and best agreement with
cysteine accessibility data (see Figures 2.13 and 2.15 below). The final asymmetric unit
comprises one DraNramp transporter, one Fab bound to the DraNramp periplasmic face, and
three osmium ions, with crystal packing interactions between the Fab and the DraNramp
cytoplasmic face (Figure 2.3). All 11 DraNramp TMs are visible in the electron density,
including TM1a, which was truncated in ScaNramp (129).
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Table 2.1. Data collection and refinement statistics.
Fab
n.a.
PDB ID
335
SBGrid Data Bank ID
Data Collection
0.97917
Wavelength (Å)
30.00 – 3.00 (3.11 – 3.00)
Resolution range (Å)
P212121
Space group
116.17, 183.66, 299.88
Unit cell (a, b, c)
1
Number of crystals
558353
Total reflections
119718
Unique reflections
4.7 (4.8)
Redundancy
99.5 (100.0)
Completeness (%)
8.4 (2.2)
Mean I/σ(I)
0.151
Rmerge
Rmeas
Rpim
CC1/2
Refinement
Resolution range (Å)
Rwork
Rfree
Number of atoms
Protein
Ions (Os)
Protein residues
Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)
RMS(bonds)
RMS(angles)
Average B-factor
Protein
Ions (Os)

63

DraNramp
5KTE
332, 333, 334
1.139
46.47 - 3.94 (4.08 - 3.94)
I222
113.13, 132.08, 221.0
3
245867
11791 (462)
16.6 (11.4)
95 (96)
6 (.61)
0.171
0.177
0.047
.99 (.189)
46.47 - 3.94 (4.12 - 3.94)
0.2666 (0.2672)
0.3128 (0.3656)
5625
5622
3
762
692 (90.8)
66 (8.7)
4 (0.52)
0.005
1.12
89.8
89.8
190

Figure 2.2. DraNramp structure in the inward-facing state shows a highly kinked TM1. (A)
Cartoon representation of DraNramp with TM helices labeled; the bundle (TMs 1, 2, 6, and 7) is
gold, scaffold (TMs 3, 4, 5, 8, 9, and 10) blue, and TM11 gray. Dashed loops are disordered in
the structure. (B) DraNramp topology diagram, with helices as cylinders, and gray trapezoids
highlighting the inverted structural repeats (TMs 1-5 and TMs 6-10). Intracellular loop mutations
Patch 1 to 3 in the crystallized construct are indicated. (C) Superposition of DraNramp (blue and
gold) and ScaNramp (4WGW; gray and Mn2+ magenta) indicates a similar overall fold. The
main differences are the position of TM5 (red arrowhead) and the presence of TM1a in
DraNramp. Grey spheres mark the ScaNramp EEK motif corresponding to Patch 2, disordered in
DraNramp. (D) Final 2Fo-Fc electron density map at 0.8σ showing density for TM1a. DraNramp
is represented as a Cα trace. (E) Comparison of TM1 kink angle of DraNramp (yellow) with
published LeuT-fold structures (gray; LeuT 2A65, 3TT1, 3TT3, 5JAE; Mhp1 2JLN, 4D1B,
2X79; vSGLT 2XQ2, 3DH4; BetP 4LLH, 4AIN, 4DOJ, 4C7R). The scaffolds of the
corresponding structures were superimposed and oriented as in (A). (F) Conformational states in
a transport cycle, color-coded as in (G). (G) The TM1b helices were aligned for DraNramp and
three distinct LeuT conformations, highlighting the common kink at the unwound substratebinding region in the middle of TM1. The kink is even more pronounced in inward-open
DraNramp than any LeuT structure.
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Figure 2.3. Crystal structure of DraNramp bound to a Fab. (A) SEC trace of 1:1.2
DraNramp-Fab mixture, and Coomassie-stained SDS-PAGE of the resulting fractions. (B)
Crystal packing of DraNramp-Fab crystals. The Fab variable regions primarily bind extracellular
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Figure 2.3 (continued)
loop 7-8, and crystal packing interactions involve Fab-Fab interfaces as well as an interaction
between the Fab constant regions and DraNramp intracellular loops. Unit cell is shown in green
for scaling reference. (C) The asymmetric unit contains one DraNramp transporter (blue and
yellow), one Fab (gray), and three osmium ions (ruby). (D) Sequence alignment of Deinococcus
radiodurans (DraNramp) and Staphylococcus capitis (ScaNramp), with their secondary structure
indicated above or below the sequence, respectively. The overall sequence identity is 38%. (E)
Final 2Fo-Fc electron density map contoured at 1σ and corresponding model in sticks
representation for each transmembrane segment of DraNramp. (F) Stereo image of the final 2FoFc electron density map contoured at 1σ. In all panels except (E), the bundle (TM1, 2, 6, 7) is
colored yellow and the scaffold is colored blue.
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Like ScaNramp, DraNramp has a LeuT fold with two pseudosymmetry-related structural repeats
comprising TMs 1-5 and TMs 6-10, respectively (Figure 1A and 1B)(195). As in other LeuT
folds, TMs 1, 2, 6, and 7 form a “rocking bundle” whose putative movements relative to the
“scaffold”, made up of the remaining TMs, likely effects the switch in active site accessibility
from extracellular to intracellular (201). TM1 and 6 are unwound in the center of the membrane
plane, providing substrate-binding residues as observed in ScaNramp (129). In DraNramp, the
metal-binding site is unoccupied and exposed to the intracellular side (see Figure 2.4A). Thus the
structure represents a substrate-free inward-facing conformation. Accordingly, DraNramp and
ScaNramp superimpose well with a root mean square distance of 1.54 Å over 279 Cα atoms.
Clade A members like DraNramp have a 4-residue deletion near the TM9 N-terminus in
comparison to Clade C members like ScaNramp, resulting in a shorter helix (Figure 2.3D)(196).
The main difference between the two structures is the position of scaffold helix TM5 (Figure
1C), more angled relative to the membrane plane in DraNramp, perhaps influenced by the
presence of TM1a in the structure.
As in other LeuT-fold proteins (Figure 2.2E), DraNramp TM1a is bent outwards and lies nearly
parallel to the membrane between the pillars of scaffold helix TM5 and bundle helix TM7,
creating a large aqueous vestibule on the cytoplasmic side of the transporter. The angle between
TM1a and TM1b is 103°, smaller than that observed in the inward-facing LeuT structure (125°;
(202)), and outward-occluded LeuT (136°; (195)) (Figure 2.2F and 2.2G). Correspondingly this
deep bend in TM1 yields a larger vestibule than in LeuT, which could facilitate water
coordination of transported metal ions.
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Figure 2.4. Cysteine accessibility scanning reveals the outward metal permeation pathway
that is sealed shut in our crystallization construct. (A) Internal slice of the inward-facing
DraNramp structure, including solvent accessibility of a panel of cysteine mutants spanning
TM1, 3, and 6 using NEM. Spheres show Cα positions of highly NEM-protected (gray),
outward-accessible (also MTSET and MTSEA-modified; red), inward-accessible (also MTSEAbut not MTSET- modified; cyan), or only NEM-accessible (black) residues. Accessibility is
assessed as >50% NEM-modification in at least two separate experiments. Many outwardaccessible residues, including A61C, are buried in our inward-open structure, suggesting they
line an aqueous passage to the metal-binding site (approximate location labeled *) in an alternate
outward-open conformation. (B) DraNramp’s proposed conformational equilibrium, in which
A61C is solvent-accessible in the outward-open state, but buried (and thus NEM-protected) in
the inward-open conformation. (C) The patch mutants in the crystallized DraNramp construct,
tested alone or in combinations, have varying effects on in vivo Co2+ transport. While the 25residue N-terminal truncation and patch 3 (RR398-9HH) did not impair function, patch 1
(QK169-70HH) reduced transport and patch 2 (EEK251-3YYY) completely eliminated
transport. (D) While the transport-competent patch 1 and patch 3 mutants retained A61C
accessibility (patch 1 at a reduced level), the transport-dead patch 2 mutant eliminated A61C
accessibility, suggesting it locks the protein in the inward-open state. All data are averages ± s.d.
(n ≥ 3). For reference, WT and EV Co2+ uptake time course and WT A61C accessibility data are
repeated in subsequent figures.
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Cysteine accessibility scanning reveals outward-facing metal permeation pathway
To identify a metal-permeation pathway, we created a panel of sequential single-cysteine
mutants spanning DraNramp TM1, 3, and 6, which typically line the inward- and/or outwardfacing permeation pathway in LeuT-fold transporters (203). The mutations were introduced in
the C382S background, which removed the lone endogenous cysteine while retaining full
activity (Figure 2.5E). We measured in vivo accessibility to thiol-specific modifier Nethylmaleimide (NEM) or inner membrane-impermeable 2-(trimethylammonium)ethyl methane
thiosulfonate bromide (MTSET) (Figure 2.5A and S2B), which both specifically react with
aqueous-exposed cysteines (204, 205). We classified the cysteine positions in three groups: (i)
NEM- and MTSET-reactive residues were deemed as extracellularly exposed in at least one
DraNramp conformation; (ii) NEM-reactive but MTSET-protected residues as intracellularly
accessible; and (iii) NEM-protected as buried (Figure 2.5C and 2.5D and Table 2.6). We
observed high accessibility all along TM1a and TM6b, consistent with the large aqueous
vestibule below the metal-binding residues in our structure. Between the metal-binding site and
the extracellular face, we observed a helical pattern of accessible positions on TM1b, 3, and 6a
that line the bundle-scaffold interface (Figure 2.5D). As many of these NEM-reactive positions
are buried in the inward-facing structure (Figure 2.4A), we conclude that they face an aqueous
pathway for periplasmic metal ions to reach the binding site in an alternate outward-open
conformation. Thus our cysteine accessibility measurements, rather than describing a single
state, instead provide a composite picture of multiple conformations that DraNramp cycles
through in the native membrane.
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Figure 2.4.5. Cysteine accessibility and cobalt transport assays reveal location of outward
metal permeation pathway. (A) For our in vivo cysteine accessibility assay, we added NEM to
a panel of ~100 single-cysteine DraNramp mutants. Accessible cysteines (e.g. A334C) in the
native protein react irreversibly with NEM, whereas buried cysteines (e.g. C382) do not. We then
lyse the cells and denature the proteins in urea, sodium dodecyl sulfate, and dithiothreitol and
add a maleimide derivative conjugated to PEG5K, which reacts with previously unmodified
cysteines. We then use a Western blot for the N-terminal His-tag to observe a gel shift as a result
of the PEG5K addition, which is prevented by reaction with NEM in the first step. By comparing
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Figure 2.4.5 (continued)
the intensities of the lower and upper bands in the control case (PEG5K only) with their
intensities when both NEM and PEG5K were added, we can determine the NEM-modified
protein fraction. (B) The inner-membrane impermeable MTSET reagent allows us to determine
whether accessible cysteines are modified from the cytosol or the periplasm. We add either
MTSET or the similar but membrane-permeable MTSEA before adding NEM (thus blocking
NEM modification). However, these reagents form reversible disulfides that are cleaved by DTT
in the denaturation step, thus allowing PEG5K-maleimide to react and observation of the upper
band on the Western blot. For an outward-accessible position like A61C, both MTSEA and
MTSET block NEM modification, whereas for an inward-accessible position like A334C, only
MTSEA blocks NEM modification. (C,D) Cysteine-accessibility data from Table 2.6 plotted
onto the DraNramp structure. View from the cytosol (C) showing the large cavity with inwardaccessible positions (cyan spheres) that line the path to the metal-binding site (*).View from the
periplasm (D) showing the outward-accessible positions (red spheres) that line the proposed
metal permeation pathway to the binding site (*) in the alternate outward-open conformation.
Black spheres were only accessible to NEM, and gray spheres were inaccessible to all modifiers.
(E) In vivo Co2+ uptake assay allows comparison of the metal transport function of DraNramp
mutants by measuring the pellet darkness (due to accumulated Co2+ precipitated as black solid
CoS at the end of the assay). The A61C/C382S single-cysteine reporter mutant retains full
activity. Data are averages ± s.d. (n ≥ 3). (F) The three patch mutants made to our crystallization
construct are located in the intracellular loops 4-5 (QK169-170HH), 6-7 (EEK251-253YYY),
and 10-11 (RR398-399HH). The inverted repeat topology is indicated with light gray trapezoids,
with the bundle and scaffold colored yellow and blue, respectively. The metal-binding site is
marked (*), and loops disordered in the DraNramp structure are dashed. (G) We can assess the
effect of mutations (such as the crystallization construct patch mutants) on NEM-modification of
the A61C single-cysteine reporter across an NEM concentration gradient. For patch mutants 1
and 3, NEM modification reached completion at high NEM concentrations (complete elimination
of the upper PEG5K band), with a slightly higher NEM concentration at midpoint for patch 1.
For patch mutant 2, the lack of NEM modification at any tested concentration indicates this
mutation causes A61C to be fully protected (buried), likely by locking the protein in the
observed inward-facing conformation. A61C fractional modification data extracted from this
Western blot are included in Figure 2.4D.
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Table 2.6 Cysteine accessibility results plotted on Figures 2.4A, 2.5C, and 2.5D
TM1

TM3

TM6

Residue

Accessibility

Direction

Residue

Accessibility

Direction

Residue

Accessibility

Direction

E65

0.83

Outward

T146

0.48

--

S217

0.94

Outward

I64

0.35

--

L145

0.37

--

A218

0.94

Outward

N63

0.02

--

L144

0.85

Outward

Y219

0.89

Outward

T62

0.24

--

Q143

0.85

Outward

L220

0.90

Outward

A61

0.88

Outward

I142

0.12

--

A221

0.65

Outward

F60

0.10

--

A141

0.16

--

V222

0.09

--

N59

0.21

--

L140

0.90

Outward

G223

0.98

Outward

G58

0.87

Outward

A139

0.11

--

I224

0.75

Outward

P57

0.13

--

A138

0.12

--

I225

0.10

--

D56

0.92

Outward

G137

0.25

--

G226

0.06

--

M55

0.15

--

L136

0.80

Outward

A227

0.54

N.D.

Y54

0.36

--

F135

0.06

--

T228

0.14

--

A53

0.84

Inward

E134

0.18

--

V229

0.24

--

I52

0.82

Inward

A133

0.91

Outward

M230

0.95

Inward

S51

0.93

Inward

L132

0.15

--

P231

1.00

Inward

A50

0.99

Inward

D131

0.91

N.D.

H232

0.96

Inward

I49

0.91

Inward

T130

0.87

N.D.

V233

0.92

Inward

V48

0.94

Inward

A129

0.17

--

I234

0.95

Inward

A47

0.91

Inward

M128

0.25

--

Y235

0.98

Inward

P46

0.89

Inward

A127

0.19

--

L236

0.96

Inward

G45

0.75

Inward

V126

0.17

--

H237

0.95

Inward

L44

0.90

Inward

L125

0.20

--

S238

0.85

Inward

F43

0.74

Inward

E124

0.51

N.D.

A239

0.90

Inward

P42

0.84

Inward

A123

0.25

--

L240

0.90

Inward

L41

0.88

Inward

Q122

0.16

--

T241

0.75

Inward

I40

0.92

Inward

Q242

0.80

Inward

I121

0.25

--

W120

0.76

Inward

Y119

0.12

--

F118

0.20

--

W117

0.92

Inward

V116

0.25

--

L115

0.75

Inward

P114

0.84

Inward

R113

0.94

Inward
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Crystallization construct mutation locks transporter in inward-open state
We exploited this knowledge of the extracellular metal-permeation pathway to select A61C as a
reporter to assess the conformational preferences of various DraNramp mutants (Figure 2.4A and
2B). A61C was accessible to inner membrane-impermeable modifier MTSET (Figure 2.5B),
indicating it faces a periplasmic aqueous environment, and A61C/C382S showed WT-level Co2+
transport (Figure 2.5E). In contrast, our crystallization construct, which contained entropyreducing mutation patches in three intracellular loops: (1) QK169-70HH, (2) EEK251-3YYY,
and (3) RR398-9HH, as well as an N-terminal 25-residue deletion (Figure 2.5F), did not
transport Co2+ (Figure 2.4C). Patch 2 on its own completely eliminated Co2+ uptake (Figure
2.4C). This mutation is in intracellular loop 6-7, far from the metal-binding site; thus we tested
A61C accessibility over a range of NEM concentrations to probe for conformational preference.
Unlike the concentration-dependent increase in NEM-modification of A61C for WT DraNramp,
A61C was essentially not modified in the patch 2 background (Figures 2.4D and 2.5G).
Therefore the patch 2 mutant protein cannot switch to the outward-open state, which explains its
loss-of-function phenotype, as substrate ions cannot reach the binding site (below A61C) from
the outside. The patch 3 mutant had WT-level Co2+ transport and A61C modification, while the
patch 1 mutant had both slightly reduced Co2+ transport and A61C accessibility (Figure 2.4C and
D). This clear correlation of impaired metal uptake with loss of A61C accessibility further
implicates the opening of the interface between the bundle and scaffold as an essential
conformational change within the Nramp transport cycle.
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Anemia-causing mutations impair metal transport in human Nramp2 and DraNramp
Naturally occurring glycine-to-arginine mutations G75R in TM1a in human Nramp2 and G185R
in TM4 in mouse and rat Nramp2 both cause anemia (187, 188, 193). The TM1a glycine is
absolutely conserved; the TM4 glycine is generally conserved as a small residue (Figure 2.7A
and B). When introduced in human Nramp2, both G-to-R mutations abrogated transport of the
physiological substrate Fe2+ (Figure 2.7C), as well as Cd2+, Co2+, and Mn2+ (Figures 3D, S3A
and S3B), as detected in transfected HEK cells using the metal-binding fluorescent dye Fura-2.
Similarly, the analogous disease-mutant mimics in DraNramp significantly impaired Fe2+
transport as detected colorimetrically in DraNramp-expressing E. coli (Figure 2.7E), and reduced
Cd2+ (Figure 2.7F) and Mn2+ transport (Figure 2.8C) as detected with Fura-2 using purified
DraNramp reconstituted into proteoliposomes. In both homologs, the TM1a G-to-R mutant
expressed similarly to WT, while TM4 G-to-R mutant expression was reduced (Figure 2.8D and
S3E), which could contribute to the loss-of-function phenotype in the in vivo assays. However,
the DraNramp G153R mutation clearly impaired both Cd2+ and Mn2+ transport in
proteoliposomes with normalized protein concentrations (Figure 2.8F). Notably, the G185R
mutation in mouse Nramp2 similarly impaired Fe2+ transport (191). These consistent loss-offunction data for the analogous mutants indicate that DraNramp is a useful model to further
investigate how these disease-causing mutations inhibit transport.

The G153R mutation alters the conformational equilibrium and metal selectivity
G153 is far—~20 Å—from the metal-binding site, near the top of TM4 within the scaffold
(Figure 2.9A). We tested in vivo Co2+ uptake activity of various substitutions at this position.
G153R, and the similarly large and positively charged G153K, were most impaired (Figure
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Figure 2.7. Glycine-to-arginine mutations impair transition metal transport in both human
Nramp2 and DraNramp. (A,B) Sequence logos of the TM1a region (A) showing that G45
(G75 in human Nramp2) on TM1a is absolutely conserved in Nramps, and a TM4 segment (B)
showing that G153 (G185 in human/mouse/rat Nramp2) is generally a small amino acid. Logos
were generated from a HMMER alignment of 2691 sequences using DraNramp to search the
UniprotRef database, with an E-value cut-off of 1 x 10-9. Dra = D. radiodurans MntH, Sca = S.
capitis MntH, Hs2 = Homo sapiens Nramp2, Mm2 = Mus musculus Nramp2, Rn2 = Rattus
norvegicus Nramp2. (C,D) Fura-2 fluorescence quenching traces showing severe loss of function
(no transport activity above baseline) for both G-to-R mutants compared to WT human Nramp2
for transport of the transition metals Fe2+ (C) and Cd2+ (D) in transfected HEK cells. Traces are
representative of at least three independent transfection experiments. (E) Relative Fe2+ uptake of
E. coli expressing the analogous G-to-R DraNramp mutants also showed significantly decreased
transport activity compared to WT. Plotted are averages ± s.d. (n = 3). (F) Both G-to-R
DraNramp mutants had decreased Cd2+ transport when reconstituted into proteoliposomes.
Traces are representative of three experiments. EV = empty vector/vesicle.
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Figure 2.8. Loss of function glycine-to-arginine mutants are expressed for both human Nramp2
and DraNramp. (A-B) Transport of the transition metals Co2+ (A) and Mn2+ (B) in transfected
HEK cells was monitored as quenching of Fura-2 fluorescence. Both G-to-R mutants exhibited
severe loss of function (no transport activity above baseline) compared to WT human Nramp2
for both metals. Traces are representative of at least two independent transfection experiments.
(C) We observed significant impairment of Mn2+ transport, monitored as quenching of Fura-2
fluorescence, with both G-to-R DraNramp mutants compared to WT when reconstituted into
proteoliposomes. Traces are representative of three experiments. EV = empty vector/vesicle. (D)
In-gel GFP fluorescence image of SDS-PAGE gel showing that C-terminally GFP-tagged G-to-R
mutants both expressed in transfected HEK cells, although G185R expressed somewhat less. (E)
Western blot, using an anti-His-tag antibody, showing that G-to-R DraNramp mutants both
expressed although G153R expressed somewhat less. (F) Coomassie-stained SDS-PAGE gel of
purified protein samples showing that both G-to-R DraNramp could readily be purified from E.
coli membranes.
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Figure 2.9. G153R mutation perturbs outward-facing state and alters metal selectivity of
binding site to favor Ca2+. (A) In the inward-facing DraNramp structure, G153 is located on the
extracellular end of TM4 tightly packed in the back of the scaffold, far from the conserved
metal-binding site. The G153 Cα is a magenta sphere; nearby residues are shown as transparent
spheres with sidechains as sticks. (B) Co2+ uptake data showing charged bulky substitutions at
G153 reduced transport, while aromatic substitutions retained WT-level transport. (C) G153R
showed increased accessibility to NEM modification of the A61C outward-open conformational
reporter, and G153F showed a further increase. (D) In in vivo Fe2+ uptake, G153R showed little
additional effect when combined with metal-binding site mutations, and its residual Fe2+
transport still uses the conserved metal-binding site as double mutations G153R/D56A and
G153R/N59A both severely reduced transport. (E) Competing Ca2+ reduced in vivo Fe2+ uptake
more for G153R than WT, and double mutant G153R/M230A was even more susceptible to Ca2+
competition. The Ca2+-free Fe2+ uptake level (2 min uptake for WT/M230A; 15 min uptake for
G153 mutants) was set to 100% for each variant to facilitate direct % inhibition comparison. (F)
G153R transported more Ca2+ (as detected by Fura-2) than WT or the G45R mutant in an in vitro
proteoliposome assay. All data are averages ± s.d. (n ≥ 3).
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2.9B). In contrast, replacing G153 with large aromatics (G153F and G153W) did not
significantly alter Co2+ uptake (although Fe2+ uptake by G153F was somewhat reduced; Figure
2.10B). A negatively charged glutamate (G153E) reduced uptake much more than a polar
glutamine (G153Q), although less than G153R. Overall, charged sidechains caused the largest
reductions in transport activity.
In our inward-open structure, modeling a bulky substitution at position 153 leads to major steric
clashes with nearby residues such as I142 on TM3, indicating that G153R or similarly large
substitutions likely alters DraNramp conformation at least locally. We therefore compared
outward-open reporter A61C accessibility for this G153X panel (Figure 2.9C and Figure 2.10C).
All mutations resulted in increased NEM modification of A61C, with even more pronounced
effects for G153F and G153W than G153R. These data alone cannot distinguish between two
scenarios: (i) increased occupancy of the outward-open state with concomitant decreased inwardopen state occupancy; or (ii) local structural changes that increase A61C accessibility in a protein
that can still undergo conformational cycling. We further investigated this effect in Figure 2.13
below.
Previous work showed that in mouse Nramp2 the G185R mutation decreased Fe2+ transport, but
surprisingly enabled Ca2+ transport (133). This could occur through either distortion of the
conserved metal-binding site or opening of an alternative metal-permeation pathway. We first
tested whether the residual Fe2+ transport by G153R DraNramp relied on the canonical metalbinding site, introducing an alanine substitution for each binding-site sidechain into the WT or
G153R background. Either a D56A or N59A substitution abolished Fe2+ transport in both
backgrounds, while M230A had negligible effects in both cases (Figure 2.9D), consistent with
our previous results (198). Thus G153R still relies on the conserved metal-binding residues for
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Figure 2.10. G153 mutations in DraNramp perturb outward-facing conformation and alter
metal selectivity. (A) Western blot showing G153X mutants all expressed, but slightly less than
WT. (B) G153F mutant exhibits slightly reduced in vivo Fe2+ transport. (C) All tested bulky
substitutions at G153 increase the NEM-labeling rate of the A61C single-cysteine reporter, with
G153F and G153W having the most dramatic effects. (D) Ca2+ competition reduces in vivo Fe2+
transport (15 min uptake in DraNramp-expressing E. coli) to a lesser degree for G153F than
G153R, suggesting that the arginine perturbs the binding site in a manner particularly favorable
to Ca2+. WT and G153R data are reproduced from Figure 2.9E. (E) G153R impaired Cd2+
transport over a range of concentrations in an in vitro proteoliposome assay. Data are averages ±
s.d. (n ≥ 3). (F-I) Metal toxicity assessed using growth of DraNramp-expressing E. coli on LBagar plates containing indicated metal concentrations (EV is empty vector control). (F) G153R
increased sensitivity to Ca2+, and G153R/M230A further increased sensitivity, suggesting
synergistic perturbations to favor Ca2+ transport. (G) G153R did not increase Mg2+ toxicity, and
G153R/M230A increased tolerance compared to M230A, suggesting that the G153R
perturbation could be somewhat Ca2+ specific. (H) G153R enhanced Cd2+ tolerance less so than
M230A. (I) Control serial dilutions on plates with no metal added. The gamma values were
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Figure 2.4.10 (continued)
adjusted in the same manner for each condition to increase contrast between bacterial colonies
and background. Growth trends are representative of three experiments
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Fe2+ transport. We next tested whether G153R perturbed the selectivity of this binding site by
measuring Fe2+ transport in the presence of competing Ca2+ for WT, G153R, M230A, and
G153R/M230A (Figure 2.9E), as well as G153F (Figure 2.10D). As expected, M230A, lacking
the methionine “selectivity filter” that excludes alkaline earth metals (198), was more susceptible
to Ca2+ competition than WT. Interestingly, G153R was even more susceptible to Ca2+, and the
G153R/M230A double mutant was most susceptible, as 4 mM Ca2+ effectively abolished Fe2+
uptake. This suggests that G153R indeed perturbs the metal-binding site in favor of Ca2+ in
DraNramp in a manner that is complementary rather than redundant with removing the
conserved methionine. We observed a similar pattern using a plate-based toxicity assay in which
we assess the growth of E. coli expressing DraNramp or its variants on various metal
concentrations: G153R or M230A increased Ca2+ susceptibility, and G153R/M230A again had
an additive effect (Figure 2.10F). This synergy was not observed for the similar alkaline earth
metal Mg2+, as G153R/M230A had higher Mg2+ tolerance than M230A alone (Figure 2.10G),
while G153R and WT grew similarly, suggesting that the G153R perturbation may be somewhat
specific for Ca2+. G153R also had a reduced susceptibility to Cd2+ compared to WT (Figure
2.10H), but was more susceptible than M230A. To directly demonstrate the G153R mutant’s
improved Ca2+ transport, we purified and reconstituted it into proteoliposomes, and observed
decreased Cd2+ transport (Figure 2.10E) but increased Ca2+ transport compared to WT (Figure
2.9F). Of note, the other disease-mutant mimic, G45R, impaired both Ca2+ and Cd2+ transport
(Figure 2.9F), thus the metal specificity perturbation is unique to G153R. In summary, the
G153R mutation in our bacterial DraNramp model system alters the conserved metal-binding site
in a manner that both improves Ca2+ transport and impairs transition metal transport, analogously
to mouse Nramp2.
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G45R mutation wedges transporter in inward-facing conformation
Like G153, the completely conserved G45 is ~20 Å away from the metal-binding site at the Nterminus of TM1a, which juts out at an angle to provide high cytoplasmic solvent access to the
metal-binding residues (Figure 2.11A). Modeling an arginine at this position in our inwardfacing structure yields no steric clash. We thus hypothesized that the mutation is not tolerated in
the alternate outward-open state: a bulky residue at this position may act as a wedge forcing the
protein to remain in the inward-open state, thus explaining G45R’s severe metal transport
impairment (Figure 2.7). Consistently, the bulky uncharged G45F substitution impaired in vivo
uptake of Co2+ (Figure 2.11B) and Fe2+ (Figure 2.11C) nearly as much as G45R. Furthermore,
single-cysteine reporter A61C was essentially fully protected in G45R, indicating that the
outward-open state was rarely if ever sampled, while A61C accessibility in G45F suggested a
shifted conformational preference, strongly favoring the inward-open state relative to WT
(Figure 2.11D). Thus decreased A61C accessibility of G45 substitutions correlated with
decreased metal transport. This is similar to the patch mutant phenotypes (Figure 2.4C and D),
especially patch 2, which just like G45 is located in the intracellular half of the bundle, indicating
the importance of proper conformational cycling for protein function.

Mutations at glycine positions illustrate conformational change process in DraNramp
To further explore the DraNramp conformational cycle, we investigated how G45R and G153F
altered solvent accessibility for a panel of inward- or outward-accessible single-cysteine
substitutions that retained significant transport activity (Figure 2.12A and B). Accessibility of
outward reporters A61C and L140C was correlated; G45R greatly decreased while G153F
greatly increased accessibility (Figure 2.13A). This suggests G153F favors a conformational
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Figure 2.11. G45R mutation inhibits transport by locking Nramp in outward-closed
conformation. (A) G45 (green sphere) is on TM1a on the intracellular side of the bundle, 11
residues below the metal-binding D56. (B) G45R and G45F were significant impaired in in vivo
Co2+ transport. (C) G45F also impaired in vivo Fe2+ transport (WT, G45R and EV data
reproduced from Figure 2.7E for comparison). (D) G45R and G45F drastically decreased
accessibility of outside-open conformational reporter A61C, indicating a strong preference for
the inward-open state. (E) Western blot showing G45R and G45F expressed similarly to WT
DraNramp. All data are averages ± s.d. (n ≥ 3). .
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Figure 2.12. Inside and outside-accessible single-cysteine reporters preserve metal
transport function. (A,B) In vivo Co2+ transport of outside (A) and inside (B) single-cysteine
reporters. All mutants demonstrated significant activity, with only T130C and A267C showing
some decrease below WT level. Data are averages ± s.d. (n ≥ 3). (C,D) Solvent accessibility of
outside (C) and inside (D) single-cysteine reporters using the membrane-impermeable cysteine
modifier MTSET and the similar but membrane-permeable MTSEA, as described in Figure 2.5.
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Figure 2.13. Mutations of conserved glycines shift DraNramp’s conformational landscape.
(A) Cysteine modification as a function of NEM concentration for five extracellularly-accessible
reporters, mapped on a top view of the structure (left). * indicates the metal-binding site. A61C
data are repeated from Figures 3C and 4C for comparison. (B) NEM modification for five
intracellularly-accessible cysteine reporters as well as T130C, which could not clearly be
assigned as intracellular or extracellularly accessible. Reporter positions are indicated on the
structure, viewed down the cytoplasmic vestibule. All data are averages ± s.d. (n ≥ 4).
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state in which part of the bundle-scaffold interface above the metal-binding site is highly
exposed—perhaps by dislodging loop 7-8 that blocks solvent access to A61 and L140 in the
inward-open structure. Closer to the metal-binding site within the bundle-scaffold interface,
outward-accessible G223C and A133C were also fully protected in G45R, further supporting our
inward-locked model for G45R (Figure 2.13A). However, at those cysteine positions G153F
only had a modest effect, slightly increasing accessibility. Finally, neither G45R nor G153F
altered accessibility of R211C on extracellular loop 5-6.
Accessibility was also unaltered at T130C, on TM3 adjacent to the unwound regions of TM1 and
6, indicating that the metal-binding site remains solvent-accessible in both G153F and G45R
(Figure 2.13B).
To probe for water-excluding structural changes in the cytoplasmic vestibule, we compared
NEM accessibility of five cysteines located below the metal-binding site in the WT, G45R, and
G153F backgrounds (Figure 2.13B). Accessibility was the same in all backgrounds for S51C on
TM1a, A267C on TM7, and A334C on TM8. For I52C and A53C on TM1a just below the metalbinding D56, accessibility was higher in G45R, suggesting these positions form part of the
cytoplasmic gate regulating access to the metal-binding site. We observed only minor
perturbations at all inward-reporter positions for G153F. Thus this mutation likely does not lock
the protein in the outward-facing state with a closed intracellular gate, consistent with its high
metal-transport activity (Figures 4B and S4B). In summary, the intracellular gate likely includes
the TM1a C-terminus, although a more complete picture awaits a truly outward-locked mutant.
On the extracellular side, our crystal structure and cysteine accessibility results clearly
demonstrate a ~15 Å thick, solvent-excluding gate that remains firmly closed in the G45R
mutant.
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TM1a movement is essential to the DraNramp transport cycle
To determine the functional importance of the DraNramp N-terminus, we designed a truncation
series that eliminated 25 to 49 residues (Figure 2.14A-C). Co2+ uptake activity was at WT levels
up through the ΔN34 construct, and slight reductions in transport accompanied each further
truncation for ΔN37, ΔN40, and ΔN43 (Figure 2.14). In contrast, ΔN46 and ΔN49, which both
truncate beyond the TM1a N-terminus at the invariant G45, showed pronounced drops in Co2+
uptake activity.
To further assess the importance of TM1a movement for metal transport, we compared Co2+
uptake for single-cysteine mutants, either unmodified or pre-modified with NEM (Figure 2.15A).
For cysteine-less mutant C382S, WT (with the inaccessible C382), and extracellular loop control
R211C, NEM treatment did not impair transport. However, for six of seven TM1a positions
where the cysteine mutant retained transport activity, NEM modification greatly impaired
transport. Thus while those cysteines were highly accessible in at least one conformation, they
must move into a more congested environment as part of the metal transport cycle, which NEM
modification sterically blocks. This phenomenon was not observed for positions preceding TM1a
(residues 40-44, disordered in the structure). Cysteine substitution alone impaired transport at
four positions: G45C, consistent with the importance of this conserved glycine and loss-offunction of G45R and G45F (Figures 2.7 and 2.11); D56C and G58C, which disrupt the metalbinding site; and A50C—a surprising result given the subtle size increase—which may reflect
how close this face of TM1a must approach TM7 and/or the scaffold (TM8) as the inside gate
closes in the outward-open state. Surprisingly, we did not observe NEM-dependent impairment
for the two accessible TM1b positions A61C and E65C, the first of which clearly lines the
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Figure 2.14. TM1a modification impairs DraNramp metal transport. (A) A series of Nterminal truncations removed from 25 to 49 residues while retaining the N-terminal 8His-tag
(MHHHHHHHH). (B) While ΔN25, ΔN31, and ΔN34 retained Co2+ uptake activity similar to
full length DraNramp, ΔN37, ΔN40, and ΔN43 showed a gradual decrease in activity. ΔN46 and
ΔN49, which both cut into TM1a, showed a severe loss of transport activity. Data are averages ±
s.d. (n = 3). (C) Expression is reduced for N-terminal truncations compared to the full-length
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Figure 2.14 (continued)
DraNramp as determined using a Western blot against the N-terminal His-tag. However,
expression was similar for ΔN34 through ΔN49, although there were pronounced differences in
transport activity. (D) Inserting tryptophans in place of residues P46, A47, I49, S51, I52, or A53
on TM1a inhibits Co2+ transport, while I40W (preceding TM1a) does not. Interestingly, the
TM1b A61W mutant retains full metal transport activity, consistent with the lack of impairment
observed with NEM modification of A61C in Figure 2.15A, demonstrating that steric bulk can
be accommodated in this position without impairing function. Data are averages ± s.d. (n = 3).
(E) The six tested TM1a tryptophan mutations fully protected the A61C reporter from NEM
modification, indicating that the proteins are locked in an inward-open state. The transportcapable I40W mutant showed WT-like A61C labeling. Data are averages ± s.d. (n = 4). (F)
Western blot showing that all tested tryptophan mutants express similarly to WT DraNramp. (G)
Pretreatment of A61C with the membrane impermeable, positively charged MTSET fully
inhibits DraNramp Co2+ transport. The cysteine-less C382S and cytoplasmically-oriented A53C
(and thus MTSET-inaccessible; Figure 2.12D) constructs are not significantly affected by
MTSET pretreatment. Data are averages ± s.d. (n = 3).
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Figure 2.15. TM1a movement is essential to the conformational change that opens the
outward metal permeation pathway, thus enabling Nramp metal transport. (A) Initial (6
min) in vivo Co2+ transport (minus EV control) for accessible single-cysteine mutants along TM1
that were either left unmodified (black bars) or pre-reacted with NEM (3 mM; green bars). NEM
modification greatly impaired transport for six out of the seven TM1a positions where cysteine
mutants had high transport activity. Data are averages ± s.d. (n = 3). Western blots show all
introduced cysteines were efficiently NEM-labeled, as preincubation with NEM (+) prevented
formation of PEG5K-maleimide DraNramp [upper band in the (-) lanes]. R211C on extracellular
loop 5-6 was readily NEM-modified without affecting activity. Endogenous C382 on TM10 in
WT was not modified by NEM, and thus was fully modified by PEG5K-maleimide. The
cysteine-less C382S is not labeled by either NEM or 5KPEG-maleimide. (B) Model of the
conformational change process in DraNramp. Our metal transport and cysteine accessibility
results demonstrated that the unencumbered TM1a movement is essential for conformational
change into the outward-facing state, including evicting loop 7-8 which caps the outside metal
permeation pathway and opening the interface between the bundle (TM1b and 6a) and scaffold
(TM3, 8, and 10), thus allowing periplasmic metal ions to reach the binding site in the unwound
regions of TM1 and 6 at the center of the membrane plane.
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outward metal permeation pathway and is buried in the inward-open state. An A61W mutant
similarly retained WT-level Co2+ transport, showing that DraNramp can indeed tolerate added
bulk at this position (Figure 2.14D). However, pre-modifying A61C with the positively charged
MTSET selectively inhibited Co2+ uptake (Figure 2.14G), thus some perturbation of the outward
metal permeation pathway at position A61 can indeed disrupt transport.
Finally, to further test the functional importance of TM1a movement, we substituted
tryptophan—an alternative way of adding steric bulk—at each of the six TM1a positions where
NEM modification of cysteine mutants drastically impaired transport. Analogously to G45R,
these tryptophan mutations greatly impaired Co2+ transport and fully protected the A61C
outward-open reporter (Figure 2.14D-F), indicating that bulky modifications on TM1a lock the
protein in an inward-facing conformation. In summary, these results indicate that TM1a
movement is an integral part of Nramp conformational rearrangement and thus required for
metal transport. From all of our results, we propose a model of Nramp conformational change in
which significant inward movement of TM1a toward the scaffold is crucial to opening the
outside interface between the bundle (TM1b and 6a) and scaffold (TM3, 8, and 10) to allow
metal ions (and bulk water) to access the binding site from the outside (Figure 2.15B).

Discussion
Using X-ray crystallography, cysteine accessibility, and metal transport measurements, we
developed DraNramp as a model to understand the conformational change process for the Nramp
family of divalent metal transporters. The DraNramp structure, while also a LeuT fold in an
inward-facing conformation, complements the ScaNramp structure (129) by identifying the
location of the functionally-important TM1a and (with cysteine-scanning mutagenesis) the
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external metal permeation pathway. It also provides a structural example of a second distinct
evolutionary clade within the Nramp family. Furthermore, our structure showed the locations of
two highly conserved glycines where mutations to arginine cause anemia in either rodents (187,
188) or humans (193) and impair transport in both human Nramp2 and DraNramp (Figure 2.7).
The G153R mutation on DraNramp TM4 mimics the phenotype first observed in mouse Nramp2
(133), altering metal transport selectivity, despite these two homologs having only 29% sequence
identity. G153R perturbs the conserved metal-binding site, thus reducing transport of Nramp’s
typical transition metal substrates and increasing Ca2+ transport (Figure 2.9). A bulky residue
cannot be accommodated at position 153 in our inward-facing structure. Our data are consistent
with the G153R mutation distorting the scaffold in a manner that interferes with closing of the
extracellular metal permeation pathway (Figure 2.13). Precisely how a mutation 20 Å from the
binding site increases Ca2+ permeability remains undetermined, but interestingly G153R and
M230A, which removes the sulfur ligand responsible for excluding alkaline earth metals (198),
have additive effects (Figures 2.9 and 2.10). Other residues besides the four previously identified
may be important to metal binding and/or selectivity, and in at least one other Nramp homolog
mutations distant from the metal-binding site affect substrate preference (206).
G45R on TM1a forms a steric wedge that prevents the protein from reaching the outward-open
state (Figure 2.11). Moreover, our results imply that the unfettered movement of TM1a is
essential to the conformational rearrangement that must occur to allow metal transport (Figures
2.14 and 2.15).
Our study adds to a wealth of structural and functional information available for LeuT-fold
secondary transporters (203, 207) that expanded on the original “rocking bundle” model of
alternating access, in which the bundle (TM1, 2, 6, and 7) moves relative to the scaffold (201,
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208). Comparison of outward- and inward-open LeuT structures (202) showed TM1a swinging
up by 45° and a smaller TM6b motion to expose the substrate-binding site to the cytosol.
However, the physiological relevance of this large TM1a movement in LeuT is disputed: while
some movement is essential to substrate release (209), the Y268A mutation on TM6b in the
crystallized construct disrupts a hydrogen-bonding network in the inward-facing state and
stabilizes a conformation not highly sampled by the WT protein (210), with MD simulations also
supporting a less drastic tilt in a lipid bilayer environment (211). In DraNramp, our inwardlocking patch 2 mutant and/or crystal-packing interactions with the Fab could analogously
stabilize the observed profound TM1a kink. Additional Nramp structures will help clarify this
issue.
We nevertheless predict that TM1a undergoes significant displacement during the
conformational change process, given its functional importance in DraNramp. In addition, the
LeuT structures showed that movement of TM1b and 6a away from the scaffold opens an
aqueous pathway to the binding site, in agreement with our DraNramp cysteine accessibility
data. Furthermore, these LeuT structures and functional studies (212) illustrated the contribution
of loop 7-8 to closing off extracellular access to the substrate-binding site, which we also observe
in DraNramp.
Structural information on other sodium-coupled symporters of small organic molecules hints at
mechanistic diversity within the LeuT-fold family. Structures of the sodium/galactose transporter
vSGLT show a TM1a movement (subtler than in LeuT) to open the inside gate in the transition
from the inward-occluded to the inward-open state (213). In the sodium/betaine transporter BetP,
outward- and inward-open structures also show TM1a motion as part of the inside gate, whereas
loop 7-8 is similarly positioned above the bundle-scaffold interface but does not appear to move
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much (214). Crystallographic (215) and electron paramagnetic resonance (216) studies of the
sodium/nucleobase symporter Mhp1 showed a mechanism to similar LeuT albeit with subtle
differences: TM5 rather than TM1a bends to open the inner gate and TM10 (and to a lesser
extent loop 7-8) changes conformation to close the outer gate.
Our combined structural and functional results thus suggest that Nramp’s conformational change
process may be most similar to LeuT’s. However, Nramp’s proposed proton co-substrate(s)
would require a unique transport mechanism and lead to different environmental controls of its
conformational landscape, perhaps with a protonation event substituting for the Na+ coordination
that governs LeuT conformational preference (217, 218). Ultimately, a complementary outwardopen Nramp crystal structure will help answer outstanding questions regarding the Nramp
transport cycle.

Experimental Procedures
Cloning of Nramp constructs
The DraNramp sequence was inserted into the NdeI and NotI sites of pET21-N8H and Human
Nramp2 into pCDNA3 vectors as previously described(198). Mutagenesis was performed using
QuikChange protocols (Stratagene), and confirmed by sequencing.

DraNramp protein purification
DraNramp C41(DE3) cells were grown at 37°C in 12 L terrific broth with 10% (w/v) glycerol
and 100 mg/L ampicillin, inoculating with 1:50 overnight culture to OD600=1.0, induced with
100 µM IPTG for 4 h. Proteins were purified at 4°C. Cells were lysed by sonication in three
volumes of lysis buffer (20 mM NaPO4 pH 7.0, 75 mM imidazole-HCl pH 7.0, 500 mM NaCl,
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10% glycerol) plus 1 mM PMSF, 1 mM benzamidine, 0.3 mg/mL each DNAse I and lysozyme.
Debris was removed by 20 min centrifugation at 27,000 x g, membranes were pelleted in 70 min
at 230,000 x g, solubilized in 35 mL lysis buffer + 1% w/v β-dodecylmaltoside (DDM) for 1 hr,
and clarified by 35-min centrifugation at 140,000 x g, filtered through a 0.45 µm filter, loaded
onto 5 mL Ni-Sepharose (GE Healthcare) pre-equilibrated with lysis buffer + 0.03% β-DDM,
and washed thrice with 50 mL lysis + 0.03% β-DDM. Protein was eluted in 25 mL by increasing
imidazole to 450 mM, and concentrated to ~1 mL in a 50 kDa cutoff centrifugal concentrator.
Following buffer exchange on a Superdex S200 (GE Healthcare) to 20 mM HEPES pH 7.5, 150
mM NaCl, and 0.1% (w/v) β-decylmaltoside (DM), protein-containing fractions were identified
using SDS-PAGE, pooled, and concentrated to ~5 mg/mL.

Fab production
Balb/C mice were immunized four times with DraNRAMP reconstituted into proteoliposomes
using E. coli lipids (Avanti Polar Lipids). Hybridomas were generated and cultured using
established protocols (219) and secreted monoclonal antibodies (mAbs) were tested in ELISA by
capturing on anti-mouse IgG-coated 96-well plates. Binding mAbs were identified using
detergent-solubilized biotinylated DraNramp coupled to streptavidin-HRP. Cells in ELISApositive wells underwent four rounds of recloning by limiting dilution to ensure monoclonality
and stable mAb expression. Conformation-specific mAb clones were selected as non-binders in
slot blot assays for binding to SDS-denatured DraNramp. The cocrystallized mAb was purified
by capture from filtered hybridoma supernatant on protein A-agarose pre-equilibrated with
binding buffer (BB; 20 mM NaPO4 pH 8.0, 150 mM NaCl). After a 10 column-volume BB wash,
mAbs were eluted in 7 column volumes 100 mM MES pH 6.5, 3.6 M MgCl2, dialyzed against
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BB, and concentrated using a 50 kDa cutoff concentrator. Purified mAbs (15 mg at 1.5 mg/mL)
in 20 mM NaPO4, 20 mM EDTA pH 6.0 were digested with 5 units of ficin suspension (Sigma
Aldrich) at room temperature (RT) for 5 hr. After adding 50 mg iodacetamide and 50 mg N-ethyl
maleimide, and concentrated, the digest was run on a Superdex S200 16/600 (GE Healthcare) in
BB. Fab-containing fractions were passed through 5-mL Protein A-agarose to remove any Fc
fragment or uncleaved mAb, and concentrated to ~10 mg/mL. The Fab sequence was obtained
using standard protocols (220).

Fab crystallization and structure determination
Fab crystals were grown by sitting drop vapor diffusion, mixing 0.5 µL 10 mg/mL protein with
0.5 µL reservoir (0.1 M CAPS pH 9.7, 0.1 M MgCl2, 30% PEG 3350), cryoprotected in reservoir
plus 25% glycerol, and frozen in liquid nitrogen. Diffraction data to 3.1 Å was collected at
Advanced Photon Source beamline ID24-E (Table 2.1). An Igg2b Fab structure (PDBID 1KNO)
was used as a molecular replacement (MR) search model, and the Fab structure was refined to
Rwork/Rfree of 0.22/0.30 using REFMAC.

DraNramp-Fab crystallization and structure determination
The DraNramp crystallization construct was truncated by 25 residues at the N-terminus, and
mutations were introduced in intracellular loops (QK169-170HH, EEK251-3YYY, and RR3989HH). DraNramp was incubated for 2 hr with Fab in a 1:1.2 molar ratio, and run on a Superdex
S200 10/300 (GE Healthcare) in 10 mM HEPES pH 7.5, 150 mM NaCl, and 0.1% DM.
DraNramp-Fab-containing fractions were pooled and concentrated to ~5-10 mg/mL using a 50 or
100 kDa cutoff concentrator. DraNramp-Fab crystals were grown by vapor diffusion against 0.1
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M sodium acetate pH 4.5, 0.05 M magnesium acetate, 24% PEG400 and 0.4-1 % βoctylglucoside in 1:1 volume ratio sitting drops at 4°C. Crystals derivatized with 1 mM OsCl3 for
one day turned dark brown and were frozen in liquid nitrogen.
Diffraction data were collected from three crystals at Advanced Photon Source ID24-E and -C
beamlines, using vector scanning and full transmission, processed with HKL2000 (221), and
merged to improve completeness. For initial phasing, a ScaNramp-based homology DraNramp
model built using SWISS-MODEL (222) and the Fab structure were used as search models for
MR in Phaser (223). Experimental phase information from single-wavelength anomalous
diffraction from the osmium-soaked crystals was determined using AutoSol in PHENIX (224).
The resulting osmium sites were combined with the MR solution and data containing the
experimental phase information were used for refinement. Coot (225) was used for all model
building. Initial rounds of refinement used xMDFF, with input files prepared in VMD (226)
using the MDFF-GUI (227) with default molecular dynamics parameters (199), improving
Rwork/Rfree from 0.50/0.54 to 0.41/0.45. The model was further refined using PHENIX with
additional local refinements using xMDFF. TM1a was placed using a combination of xMDFF
and steered molecular dynamics (SMD) simulations. As with the CiVSP voltage sensor protein
(228), a helix-screw motion was induced in SMD simulations using the orientation quaternion
(229) of the helix as a collective variable, while simultaneously using electron density restraints.
The TM1a helix position featuring the lowest R-value was identified, resulting in a 2% increase
in the local cross correlation. It is also consistent with cysteine accessibility data (Figure 2.13).
After final rounds of refinement in PHENIX, the final model includes residues 43-165, 176-236,
259-304, 310-341, 353-428 for DraNramp, 1-129+132-213 and 1-213 for the Fab heavy and
light chains, respectively, and three osmium ions. Figures were made in PyMOL (Schrödinger).
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Cysteine accessibility measurements
Adapting the cysteine-labeling protocol from (230), E. coli expressing single-cysteine DraNramp
variants were exposed to thiol modifiers in 100 mM Tris pH 7, 60 mM NaCl, 10 mM KCl, 0.5
mM MgCl2, 0.75 mM CaCl2. All incubations were at 37°C. To determine overall accessibility, 3
mM NEM was applied for 60 min. To determine inside vs outside accessibility, 3 mM MTSEA
or MTSET was applied for 30 min followed by 1.5 mM NEM for 30 min. For all NEM-gradient
experiments, the indicated NEM concentration was applied for 15 min at RT. Excess cysteine
was added to quench reactions. Cells were washed twice, resuspended and incubated 1 hr in 100
mM Tris pH 7, 6M urea, 0.5% SDS, 0.5 mM DTT, incubated with a two-fold excess of 5kDaPEG maleimide (Creative PEGWorks), then quenched with sample buffer containing βmercaptoethanol. Protein was detected in Western blots using an Alexa-647-conjugated anti-Histag antibody (Qiagen) and a Typhoon Imager (GE Amersham), and background-subtracted band
intensities (I) were measured using ImageJ64. The upper (5K-PEG modified) to lower band
(NEM-modified) ratio was determined and compared to the no-NEM sample ratio (defined as
maximal upper-to-lower band ratio = 0% NEM-modified) to calculate the NEM-modified
cysteine fraction using: modified-cysteine fraction = 1 – [Iupper/(Ilower + Iupper)]/[Iupper-no NEM/(Ilowerno NEM

+ Iupper-no NEM)].

Cell-based metal uptake assays
E. coli cells expressing DraNramp (or an empty vector) were aliquoted 190 µL per well into 96well round bottom plates at a density of OD600 = 5.26 in cobalt assay buffer (50 mM HEPES pH
7.3, 60 mM NaCl, 10 mM KCl, 0.5 mM MgCl2, 0.217 % glucose). Transport was initiated by
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adding 10 µL of 4 mM Co(NO3)2 or freshly made 4 mM FeSO4 + 4 mM ascorbic acid. For Ca2+
competition experiments, 10 µL of 20X concentrated CaCl2 was added 1 min before Fe2+. For
NEM pre-modification comparison experiments, cells were incubated with 3 mM NEM for 15
min at RT before cysteine quench and two washes. After the desired metal uptake time, excess
EDTA was added to quench uptake and cells were washed thrice before adding 1% (NH4)2S to
precipitate internalized Co2+ or Fe2+. Cells were pelleted, the supernatant was removed, the plates
were scanned, and ImageJ64 was used to quantify the pellet darkness. End point (no metalsubtracted) darkness for WT DraNramp was set as 100% to determine relative transport abilities.
HEK293 cells were transfected with pCDNA3 containing human Nramp2 (with or without a Cterminal GFP tag) using Lipofectamine 2000 (Thermo Fisher) and incubated for 2 days at 30°C.
Cells were loaded with Fura-2 AM and washed. A baseline fluorescence measurement (λex = 380
nm; λem=510) was measured for ~3 min with 50 µL of pH 5.5 MES buffer, and then 25 µL of 3X
metal was added to give final concentrations of 50 µM Co(NO3)2, 20 µM FeSO4 + 20 µM
ascorbic acid, 20 µM MnCl2, or 20 µM CdCl2 and fluorescence was measured for an additional
45 min. The fraction of the baseline fluorescence quenched was calculated for each timepoint,
and for each mutant wells with similar baseline fluorescence values were used to generate the
representative traces for each metal.

In vitro metal transport
Purified DraNramp was reconstituted into liposomes made from POPE, POPC, and POPG
(Avanti Polar Lipids) in a 50:35:15 ratio by mixing 1:500 protein:lipid in a 5 mM DM solution
and dialyzing for 3-4 days in 10 mM MOPS pH 7, 100 mM KCl. Liposomes were permeabilized
using freeze-thaw cycles to load 100 µM Fura-2, extruded 21 times through a 400 nm filter, and
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separated from external dye using a PD10 column. Liposomes were diluted three-fold into 10
mM MOPS pH 7, 100 mM NaCl and baseline fluorescence measured, after which 50 nM
valinomycin was added to establish a negative internal potential along with metal substrate
(CdCl2, MnCl2, or CaCl2). Fluorescence (lex=340 and 380 nm; lem=510 nm) was monitored at RT
for 45 min, before adding 0.25 µM ionomycin at 60 min to measure maximum signal. The
intraliposome concentration of Cd2+ or Ca2+ was determined using: [M2+]inside = ([M2+]free[Fura2]total)/(KD + [M2+]free) + [M2+]free, where KD is the KD of the M2+ and Fura-2 (Cd2+ = 1 pM; Ca2+
= 135 nM) (231, 232) while relative fluorescence quenching (with post-ionomycin set to 100%)
was determined for Mn2+. Transport rates were determined by linear regression of the data for
the first 5 min after Cd2+ addition and the first 30 min after Ca2+ addition.

Toxicity assay
Plates containing indicated concentrations of added MgCl2, CaCl2, or CdCl2 were prepared by
mixing 4 mL 10X metal with 36 mL LB-ampicillin-agar. Cells (1 µL at OD600=0.01 and
additional serial dilutions on control plate) were plated 90 min post-induction and incubated
overnight at 37°C. Plates were imaged on an AlphaImager system and gamma values were
adjusted the same way for all images to increase contrast between colonies and the background
agar.
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CHAPTER THREE
Crystal structures in multiple conformations reveal distinct ion pathways for Nrampfamily transition metal and proton transport

Aaron T. Bozzi, Christina M. Zimanyi, John M. Nicoludis, Brandon K. Lee, Casey M. Zhang,
and Rachelle Gaudet
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Summary
Nramp family transporters enable uptake of essential divalent transition metals. We present highresolution structures of Deinococcus radiodurans (Dra)Nramp at complementary stages of its
transport cycle: a metal-bound outward-open state and a metal-free inward-occluded state. These
structures, along with previous structures, reveal the distinct conformational rearrangements of
Nramp transporters, and demonstrate that the metal-coordination sphere changes during the
transport cycle. While metal transport requires cycling from outward- to inward-open states,
efficient proton transport still occurs in outward-locked (but not inward-locked) DraNramp. We
propose a model in which metal and proton enter the transporter via the same external aqueous
pathway to the binding site, but follow separate routes to the cytoplasm, with protons transiting a
narrow salt-bridge network and metal ions escaping via a broad intracellular aqueous cavity.
These separate pathways resolve the electrostatic dilemma of using a cation co-substrate to drive
a cation primary substrate.
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Introduction
The amino acid-polyamine-organocation (APC) superfamily of secondary transporters
encompasses a broad range of evolutionarily-related proteins that transport diverse substrates
including neurotransmitters and transition metals (11, 12).These transporters harness the energy
stored in preexisting transmembrane ion gradients. The LeuT fold (195) is the core structural unit
that undergoes conformational rearrangements necessary for alternating access-based transport in
the APC superfamily. This fold consists of ten transmembrane (TM) segments, divided into two
pseudosymmetric, interlocking five-TM repeats, although many members have additional TMs.
Primary substrates bind in a pocket formed by non-helical regions of TM1 and TM6, close to the
center of the membrane. Co-transported coupling ions—typically Na+ and/or H+—bind at the
interface between two proposed domains (233, 234): a “bundle” formed by TMs 1, 2, 6, and 7;
and a “scaffold” or “hash” domain comprising most or all of the remaining six TMs (235). When
all substrates are bound, conformational rearrangement closes an external vestibule between
“bundle” and “scaffold” and opens an intracellular vestibule between the two domains to allow
substrate release (236-238). Despite the common fold, many APC members have little-to-no
sequence identity, consistent with mechanistic divergences, including variance in the identity and
stoichiometry of the coupled ions (239, 240) and in which helices move the most to open and
close the inner and outer gates (241-248).
Natural resistance-associated macrophage proteins (Nramps) are APC-superfamily transition
metal transporters that enable uptake of rare micronutrients in diverse biological contexts (10,
48, 49). Nramps bind and/or transport biologically essential divalent metals such as Mn2+, Fe2+,
Co2+, Ni2+, Cu2+, Zn2+—and toxic metals like Cd2+, Pb2+, and Hg2+—but not the abundant
alkaline earth metals Mg2+ and Ca2+ (249, 250). Metal uptake by Nramps involves proton co-
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transport, and many homologs also display considerable proton uniport—proton transport in the
absence of added metal that suggests loose coupling between the co-substrates (40, 62, 251-253).
Nramps have 11 or 12 TMs, the first ten forming a LeuT fold, as seen in structures of three
bacterial Nramp homologs (250, 254, 255), including our model system Deinococcus
radiodurans (Dra)Nramp (254). Conserved aspartate, asparagine, and methionine residues in
TM1 and TM6 coordinate transition metal substrates as observed in an inward-open state (250),
while only a metal-free outward-open state has been reported (255).
Here we provide the first complementary structures of the same Nramp homolog in multiple
conformations, including the first metal-bound outward-open Nramp structure, and a novel
inward-occluded structure. These allow us to fully illustrate the transport cycle for DraNramp.
We also show that metal transport requires the expected alternating access bulk conformational
change, whereas proton transport can occur via a more channel-like mechanism in the outwardopen state. Using the structures and accompanying biochemical data, we delineate separate
conserved transport pathways for metal and proton substrates and provide a mechanistic model
encompassing substrate binding, release, and the conformational change process. We
demonstrate novel modes of conformational rearrangement and ion shuttling in DraNramp
compared to other LeuT-fold transporters, thus expanding the known repertoire of intramolecular
dynamics and coupling mechanisms possible within this important protein family.

Results
Rational design and validation of conformationally-locked DraNramp constructs
A previously determined structure of a Fab-bound DraNramp in an inward-open conformation
revealed the intracellular metal permeation pathway, or vestibule, between TMs 1a, 2, 5, 6b, 7,
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and 8 (254). This structure was stabilized in an inward-open state by patches of mutations to
intracellular loops 4-5, 6-7, and 10-11, and we thus refer to it as the Patch mutant. To observe
additional conformational states of a transport cycle in a single Nramp homolog at high
resolution, we developed two complementary conformationally-locked constructs for
crystallization. Adding steric bulk along TM1a—for example a G45R mutation, which mimics a
human anemia-causing mutation of a conserved glycine (117)—prevented full closing of this
pathway and eliminated metal transport, emphasizing the importance of the alternating-access
mechanism to DraNramp function (254). Based on these findings we pursued the G45R mutant
as a new inward-locked crystallization construct.
To develop a complementary outward-locked DraNramp construct, we adapted an approach
previously described for the lactose transporter LacY (256, 257). By mapping extensive cysteine
accessibility data onto the inward-open structure, we identified the external vestibule between
TMs 1b, 6a, 3, 8, and 10 (254). We created a panel of 11 tryptophan point mutants lining this
predicted external vestibule (Figure 3.1A) to destabilize the inward-open state. An outwardlocking mutation should severely impair metal transport, and indeed several mutants had
impaired in vivo Co2+ uptake when expressed in Escherichia coli (Figure 3.1B). We chose to
pursue G223W, which like G45R eliminated Co2+ and Fe2+ metal transport (Figure 3.2B). A
tryptophan modeled in the inward-open state at position 223 on TM6a, one helical turn above the
unwound metal-binding region, clashes with the top of TM10. Furthermore, the analogous
glycine position in the recent structure of outward-open Eremococcus coleocola (Eco)Nramp
(33% identity with DraNramp) lines a wide aqueous channel with adequate room for
tryptophan’s bulk (255).
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Figure 3.1. Design and validation of complementary conformationally-locked
crystallization constructs.
(A) Panel of 11 designed tryptophan mutants (pink, purple, and gray spheres; see (B)) and G45R
disease-mutant mimic (green) mapped onto our initial inward-facing DraNramp structure and
color-coded by their effect on transport activity in (B). Single-cysteine reporters A53C (cyan)
and A61C (gray) are indicated. TMs 1, 5, 6, and 10 are colored gold, TMs 3, 4, 8, and 9 blue, and
TMs 2, 7, and 11 gray. * marks the approximate location of the metal-binding site. (B) Relative
in vivo Co2+ uptake rates for tryptophan mutant panel. Mutants colored gray, pink and purple did
not affect, moderately decreased, or eliminated uptake, respectively. (C) Two complementary
single-cysteine reporters enable assessment of the mutants’ conformational state preferences. For
simplicity, in schematics DraNramp is depicted as two gold and blue domains that reorient to
accomplish alternating access. (D) G45R prevented modification of the A61C outward-reporter,
and (E) G223W fully protected the A53C inward-reporter, indicating that complementary
conformational locking was achieved. Both reporters fully labeled the WT protein, likely
because it cycles between both conformations during the assay. Data in B, D, and E are averages
± S.E.M. (n = 4).
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Figure 3.2. Validation of conformationally-locked crystallization constructs.
(A) Western blot against N-terminal His-tag for total lysates show most tryptophan mutants
expressed similarly to WT DraNramp in E. coli. (B) Both G45R and G223W eliminated Fe2+
uptake in E. coli. (C) Schematic for cysteine accessibility assay using conformational reporters.
(D) G45R and G223W had opposing effects on accessibility of single-cysteine reporters to Nethyl maleimide (NEM) modification in E. coli. We used a two-step cysteine-modification
protocol in which first a gradient of NEM was applied to label any solvent-accessible cysteines,
then the cells were lysed and protein denatured and a 5K-PEG maleimide was added, which
reacted with any previously unmodified cysteines. The 5K-PEG maleimide-labeled protein
(upper band) was shifted from the NEM-labeled protein on SDS-PAGE. The A61C reporter,
which is only solvent-exposed in the outward-facing state, was fully protected from NEM107

Figure 3.2 (continued)
labeling by the G45R mutation, indicating an inward-locked state. In contrast, the A53C reporter,
which likely is only accessible in an inward-facing conformation, was fully protected from
NEM-labeling by the G223W mutation, indicating an outward-locked state. Both reporters were
fully labeled at high NEM concentrations for the WT protein, suggesting that the entire protein
population cycles through both conformational states during the NEM labeling time.
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To further validate this G223W construct, we measured bulk solvent accessibility of two singlecysteine reporters: A61C on TM1b, which is only exposed in DraNramp’s outward-open state
(254); and A53C on TM1a just below the metal-binding D56, a putative inward-open reporter
based on comparing the Patch mutant and EcoNramp structures (Figure 3.1C). WT-like
DraNramp (with the indicated reporter cysteine and a C382S mutation to remove the lone
endogenous cysteine) maintains a dynamic conformational equilibrium—even in the absence of
added metal substrate—such that either reporter can be fully modified by the thiol-specific Nethylmaleimide (NEM) at high concentrations (Figure 3.1D-E). G45R slightly increased A53C
accessibility but fully protected A61C, indicating an inward-locked state, while G223W slightly
increased A61C accessibility while fully protecting A53C, consistent with an outward-locked
state (Figures 3.1D-E and 3.2C-D). We have thus identified two complementary constructs that
trap DraNramp in outward-locked (G223W) and inward-locked (G45R) states (Figure 3.3A).
Using lipidic cubic phase (LCP) to mimic the hydrophobic membrane environment, we
crystallized and determined the structures of G45R and G223W to resolutions of 3.0 and 2.4 Å,
respectively, both significantly improved from our earlier DraNramp structure (3.94 Å) (Table
3.4 and Figures 3.3 and 3.5). The new high-resolution structures also allowed us to re-refine our
original structure, including correction of a sequence registry error in TM11.

Structure of G45R DraNramp reveals inward-occluded state
Unexpectedly, the G45R structure is not in an inward-open conformation as seen previously with
our Fab-bound Patch mutant (Figure 3.6A) but instead adopts an inward-occluded, metal-free
state (Figure 3.6B) that may represent an intermediate conformation between inward-open and
outward-open states in the DraNramp transport cycle (Figure 3.6D). As in the inward-open apo
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Figure 3.3. Secondary structure and primary sequence of DraNramp.
(A) DraNramp consists of 11 TMs, with the first ten TMs arranged in the canonical LeuT-fold.
In this fold, two pseudosymmetric inverted repeats of five TMs intertwine with each other in the
tertiary structure. The two conformational-locking mutations, G45R and G223W, on TMs 1a and
6a respectively, are located at analogous positions within each inverted repeat. The first and last
TM within each inverted repeat (1 and 5, and 6 and 10; gold) exhibit significant mobility
between the G223W and G45R structures, while the middle three TMs remain relatively
stationary (2-4, and 7-9; gray or blue). TMs 1, 5, 6, and 10 can be grouped into a mobile domain,
with the remaining seven TMs considered a scaffold domain. * denotes the metal-binding site.
(B) Comparison of DraNramp with S. capitis (Sca) and E. coleocola (Eco) Nramp homologs,
which have been crystallized in the inward-facing (250) and outward-facing states (255)
respectively, and human Nramp2 (DMT1) reveals a high degree of sequence conservation.
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Figure 3.3 (continued)
Sequences were aligned using the BLOSUM62 matrix, with a cutoff of 1 used for the reported %
similarity. (C) Sequence alignment of DraNramp, ScaNramp, EcoNramp, and HsNramp2 shows
a particularly high conservation at positions of apparent structural significance and demonstrated
functional importance.
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Table 3.4. DraNramp data collection and refinement statistics.
Inward-open apo
Inward-occluded apo
(Patch mutants + Fab)
(G45R)
PDB ID
6D9W
6C3I
SBGrid Data Bank ID

Outward-open Mn2+-bound
(G223W ∆N34)
6BU5

332, 333, 334

567

564

1.139

0.9793

0.9792

46.47 - 3.94 (4.08 - 3.94)

50.00-3.00 (3.05-3.00)

39.19-2.40 (2.49-2.40)

I222

P212121

C121

Unit cell (a, b, c)

113.13, 132.08, 221.0

70.727, 97.85, 118.257

105.758, 80.389, 51.754

Unit cell (α, β, γ)

90.0, 90.0, 90.0

90.0, 90.0, 90.0

90.0, 94.722, 90.0

3

2

~15

245867

66707

49321

Unique reflections

11791 (462)

17206 (842)

13983 (623)

Redundancy

16.6 (11.4)

3.9 (4.0)

3.5 (1.7)

Completeness (%)

95 (96)

98.5 (98.8)

82.1* (36.4)

Mean I/σ(I)

6 (.61)

6.41 (0.95)

6.25 (1.56)

Rmerge

0.171

0.223 (1.388)

0.186

Rmeas

0.177

0.270 (1.608)

0.210

Rpim

0.047

0.133 (0.795)

0.095

CC1/2

0.99 (0.189)

0.993 (0.396)

0.984 (0.584)

46.47 - 3.94 (4.12 - 3.94)

30.0-3.0 (3.05-3.0)

39.19-2.40 (2.486-2.40)

Rwork

0.271 (0.253)

0.249 (0.333)

0.238 (0.276)

Rfree

0.309 (0.343)

0.270 (0.420)

0.272 (0.374)

Data Collection
Wavelength (Å)
Resolution range (Å)
Space group

Number of crystals
Total reflections

Refinement
Resolution range (Å)

Number of atoms

5764

5991

3213

Protein

5761

5812

3012

Ligand

3

150

139

Water

--

29

62

786

774

398

Favored (%)

754 (96.0)

760 (98.2)

389 (97.7)

Allowed (%)

32 (4.0)

14 (1.8)

9 (2.3)

Outliers (%)

Protein residues
Ramachandran plot

0 (0.0)

0 (0.0)

0 (0.0)

RMS(bonds)

0.004

0.004

0.004

RMS(angles)

1.02

0.97

0.92

Average B-factor

90.3

61.38

72.6

Protein

90.3

61.40

72.1

Ligand

197.0

66.01

86.4

Water

--

32.82

63.8

15

20

6

Number of TLS groups

*The G223WdN34 data set compiled from many small crystals is 99% complete to 3.4 Å, 95%
complete to 3.0 Å, 90% complete to 2.85 Å, 80% complete to 2.7 Å, and 60% complete to 2.5 Å.
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Figure 3.5. Electron density maps for new crystal structures and structural comparisons to
other Nramp homologs.
2Fo-Fc electron density maps for each transmembrane segment of (A) G45R (6C3I) and (B)
G223W (6BU5) structures contoured at 1.0 σ. Panel B also includes electron density maps for
the metal-binding site for both the Mn2+-bound (6BU5) and apo (6D91) structures, with the latter
also showing the Fo-Fc difference density maps contoured at 3.0 σ. Superpositions of (C) G45R
with ScaNramp (green) and (D) G223W with EcoNramp (orange) confirm that our new
structures represent outward-open and inward-occluded conformations, respectively. The views
in (C) and (D) are based on a superposition of the G45R and G223W structures.
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Figure 3.6. Crystal structures of DraNramp reveal two new conformations.
(A) Updated DraNramp Patch mutant structure in an inward-facing apo state with a wide
intracellular aqueous vestibule (red mesh) (254). TMs 1, 5, 6, and 10 are colored gold, TMs 3, 4,
8, and 9 blue, and TMs 2, 7, and 11 gray. (B) The G45R structure revealed an apo inwardoccluded conformation with no substantial extracellular or intracellular aqueous pathway to the
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Figure 3.6 (continued)
metal-binding site, denoted by an * in structures where no metal is present. (C) The G223W
structure revealed an outward-facing conformation with the physiological substrate Mn2+
(magenta sphere) bound at the bottom of a substantial extracellular aqueous cavity (red mesh).
All structures are viewed from within the membrane. (D) The complete Nramp transport cycle
likely consists of at least six distinct conformational states. Including the structures of S. capitis
(Sca) (250) and E. coleocola (Eco) (255) homologs, we now have structures of five of these
conformations. (E) Pairwise RMSD values for the superposition of the 355 Cα atoms present in
all three DraNramp structures, and ScaNramp and EcoNramp. G223W superimposes best with
the outward-facing EcoNramp, validating our mutagenesis strategy to obtain an outward-open
conformation. G45R superimposes better with the inward-facing Patch mutant than outwardfacing G223W, suggesting it represents an inward-occluded conformation. (F) Superposition of
Patch mutant (gold, gray, and blue) and G45R (cyan) and (G) RMSD calculated at each Cα.
These structures superimpose well except for TM1a. (H) Superposition of G223W (gold, gray,
and blue) and G45R (cyan) and (I) RMSD calculated at each Cα. The most significant
rearrangements involve TMs 1b, 4, 5, 6a, and 10. In panels G and I, black lines indicate average
RMSD for each TM, with TMs 1, 6, and 10 divided into two halves. In panels F and H, the
central view is rotated 45° along the vertical axis from the view in panels A-C, while the left and
right views are 90° rotations of that central view.
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state, the external vestibule remains sealed, with TM1b and TM6a forming tight hydrophobic
packing with the tops of TM3 and TM10, and most TMs undergo little apparent displacement
(Figure 3.6F-G). The major exception is TM1a, which swings ~45° to partially seal the inward
aqueous cavity in the G45R structure, a motion we previously showed to be essential to the
transport cycle (254). TM5 also moves slightly compared to its position in the inward-open state,
further sealing the metal-binding site from the cytosol. Comparisons of the G45R and G223W
structures indicate that, rather than preventing inward motion of TM1a as we had hypothesized
(254), the G45R mutation precludes TM5 from fully closing the inner gate, as any bulkier
replacement for that absolutely-conserved glycine in our outward-open G223W structure would
clash with E176 on TM5. Consequently, the intracellular vestibule to the metal-binding site is
highly constricted yet there is no aqueous pathway to the binding site from the external side
(Figure 3.6B). Structural alignments with the inward-open Staphylococcus capitis (Sca)Nramp
(250) and outward-open EcoNramp (255) also indicate an intermediate conformation for the
G45R structure, albeit closer to the inward-open state (Figures 3.6E and 3.5C), confirming our
assignment as inward-occluded.

Structure of G223W DraNramp provides first metal-bound outward-open state
The G223W structure represents an outward-open, metal-bound state that superimposes best with
the outward-open EcoNramp structure (Figures 3.6E and 3.5D). As predicted, the exogenous
tryptophan lines a periplasmic-facing aqueous cavity leading to a bound Mn2+ in the center of the
transporter, with tight helix packing below precluding metal passage to the cytoplasm. We also
determined a G223W apo structure (Table 3.7), which lacks electron density attributable to metal
substrate in the binding site (Figure 3.5B) but is otherwise highly similar to the metal-bound
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Table 3.7. Data collection and refinement statistics for apo G223W ∆N34.
Outward-open Mn2+-bound
(G223W ∆N34)
PDB ID
6D91
SBGrid Data Bank ID

576

Data Collection
Wavelength (Å)
Resolution range (Å)
Space group

0.9792
38.14-2.356 (2.44-2.356)
C121

Unit cell (a, b, c)

101.919, 75.508, 53.151

Unit cell (α, β, γ)

90.0, 98.074, 90.0

Number of crystals

~20

Total reflections

48659 (367)

Unique reflections

10998 (256)

Redundancy

4.4 (1.4)

Completeness (%)

64.0* (15.6)

Mean I/σ(I)

8.83 (1.45)

Rmerge

0.185

Rmeas

0.203

Rpim

0.080

CC1/2

0.986 (0.683)

Refinement
Resolution range (Å)

39.19-2.356 (2.44-2.356)

Rwork

0.244 (0.310)

Rfree

0.295 (0.414)

Number of atoms

3100

Protein

3012

Ligand

71

Water

17

Protein residues

398

Ramachandran plot
Favored (%)

380 (95.5)

Allowed (%)

17 (4.3)

Outliers (%)

1 (0.3)

RMS(bonds)

0.092

RMS(angles)

0.74

Average B-factor

56.6

Protein

56.5

Ligand

59.1

Water

80.3

Number of TLS groups

7

*This data set compiled from many small crystals is 96% complete to 4.5 Å, 92% complete to
3.4 Å, 77% complete to 3.0 Å, 66% complete to 2.85 Å, and 52% complete to 2.7 Å.
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state (Cα RMSD = 1.08 Å); hence we used the metal-bound structure for all further analyses.
Compared to the inward-open and inward-occluded structures, in the outward-open state TM1b,
TM6a, and the top of TM10 are splayed open, and loop 1-2 is displaced by ~4 Å, to form a wide
aqueous pathway to the metal-binding site (Figure 3.6H-I). On the cytoplasmic side, TM4 and
TM5 move significantly (by ~ 8 Å) straddling TM8 and approaching TM1a, while TM1a also
approaches TM8 to fully shut the interior aqueous vestibule (Figure 3.6H-I).

Comparisons of DraNramp structures define a scaffold and flexible regions
Based on overall superpositions of the three DraNramp structures, TMs 1, 5, 6, and 10 show the
largest displacements to switch metal-binding site accessibility (Figure 3.6F-I). The remaining
TMs (2, 3, 4, 7, 8, 9, and 11) would thus form a “scaffold,” which adjusts to accommodate the
more significant movements of the other four TMs.
To more objectively compare the intramolecular rearrangements that occur during the transport
cycle, we calculated difference distance matrices (258), averaged by TM, for each pair of
structures (Figure 3.8). These matrices confirm that TMs 1, 5, 6, and 10 undergo the most
significant displacements relative to the rest of the protein between the different structures. But
rather than moving as a rigid body such as proposed in the “rocking bundle” model for LeuT
(235), these four TMs are also significantly displaced relative to each other.

The G223W outward-open structure reveals a metal-coordination sphere distinct from the
inward-open state’s
Like other LeuT-family members, DraNramp relies on unwound regions of its TMs to bind
substrates. A conserved DPGN sequence is non-helical in TM1—with the helix-breaking

118

Figure 3.8. Distance difference matrices illustrate internal rearrangements during
DraNramp conformational change.
We calculated the pairwise Cα – Cα distances to obtain a 398 x 398 distance matrix for each of
the three DraNramp structures. To compare two structures, we generated distance difference
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Figure 3.8 (continued)
matrices (258), subtracting one distance matrix from the other. To simplify the data and focus on
relative movements between helices, we then calculated the root-mean-squared deviations of
submatrices, grouping residues within each helical segment. We used a total of 14 segments (top
right), breaking TMs 1, 6, and 10 into two separate segments before and after their helixbreaking elements. The resulting 14 x 14 matrices compare (A) outward-open G223W and
inward-occluded G45R, (B) inward-occluded G45R and inward-open Patch mutant, and (C)
outward-open G223W and inward-open Patch mutant. Pairs of helices that remain stationary
relative to each other have RMSD values close to 0 indicated by darker colors. In contrast, pairs
of helices that rearrange significantly relative to each other have larger magnitude values
indicated by lighter coloring in the heat map. These matrices show that (A) TMs 1b, 4, 5, 6a, and
10a undergo the greatest displacement relative both to the rest of the protein and to each other in
the conformational change from inward-occluded to outward-open. (B) In contrast, the
conformational change from inward-open to inward-occluded consists primarily of the large
displacement of TM1a, with the rest of the protein remaining mainly stationary. (C) The
comparison of the outward-open and inward-open states is essentially a sum of the two previous
comparisons, with the large TM1a displacement added to the significant movements of TMs 1b,
4, 5, 6a, and 10a.
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proline-glycine pair separating two metal-binding residues—while a conserved MPH sequence
that includes the metal-binding methionine ends an unwound region in TM6 (Figure 3.9A-C).
We used these two canonical motifs to generate an alignment of 6853 Nramp sequences and
calculate the conservation of other important residues (Figure 3.3C). Interestingly, a third
proline, P386 (83% conserved), enables the top of TM10 to swing to open the metal-binding site
from the periplasm, while T228 (80%) on TM6 and N426 (99%) on TM11 stabilize the extended
unwound TM6 region in the G223W structure (Figure 3.10A).
The inward-open ScaNramp structure revealed a metal-binding site consisting of three conserved
sidechains corresponding to D56, N59, and M230 in DraNramp, and a backbone carbonyl of
A227 (Figure 3.9B) (250). In outward-open DraNramp, a Mn2+ binds both D56 and M230 (2.9
and 3.0 Å), with N59 slightly further away (3.4 Å) (Figure 3.9A). The increased unwinding of
TM6a displaces the A227 carbonyl too far (6.5 Å) to coordinate the metal (Figure 3.10A-B).
Instead, the A53 carbonyl coordinates the Mn2+ (2.0 Å)—our structure is thus the first to
implicate this residue in the metal transport cycle. Two waters (2.7 and 2.8 Å) complete a Mn2+
coordination sphere. While the resolution remains too low to definitively define the coordination
geometry, the electron density is consistent with Mn2+ interacting with both D56 oxygens and
thus seven total ligands—rare but not unprecedented for Mn2+ (259, 260). An ordered water
network expands into the external vestibule as part of the extended metal coordination sphere
(Figure 3.10A). A water is also tethered to the conserved H232 directly below the metal-binding
M230, perhaps poised to hydrate the cation upon conformational change.
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Figure 3.9. Metal-coordinating interactions vary across conformational states.
(A) In the G223W outward-facing structure D56, N59, M230 and the A53 carbonyl, along with
two water molecules, coordinate Mn2+. (B) In the inward-facing ScaNramp structure (PDB:
5M95, DraNramp residue numbering) D56, N59, M230, and the A227 carbonyl coordinate
Mn2+. (C) In the G45R inward-occluded structure D56, N59, M230, Q378, and the A53 and
A227 carbonyls are all close, suggesting that all six could simultaneously coordinate the metal
substrate in a hypothetical similar Mn2+-bound conformation. Three conserved helix-breaking
prolines on TM1 (P57), TM6 (P231), and TM10 (P386) confer the flexibility needed for the
metal-binding site. The TM6 unwound region is extended in the outward-open state, while TM10
bends more dramatically at P386 in the inward-oriented states to close outside access to the
metal-binding site. For clarity, TMs 3, 4, 8, and 9 are omitted in panels A-C. (D) Schematic for
liposome transport assay to measure Mn2+ or Cd2+ uptake. (E-F) Plots of initial rates vs. (E) Cd2+
or (F) Mn2+ concentration used to determine Michaelis-Menten constants (Table inset) for WT
DraNramp and binding-site mutants. All mutants significantly impaired Mn2+ transport at lower
[Mn2+], while only Q378 mutants did not severely impair Cd2+ transport. Data are averages ±
S.E.M. (n = 3); errors on KM and Vmax reflect uncertainty of the fit (shown as solid lines on the
graphs) to the data.
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Figure 3.10. Extended TM6 unwound region enables metal-binding in outward-facing
DraNramp.
(A) TM6 unwinds in the outward-facing G223W structure (non-helical region encompassing
residues 226-231 is shown in green). Conserved sidechains on TM6 (T228) and TM11 (N426)
donate hydrogen bonds to backbone carbonyls on TM6a to stabilize the extended non-helical
region. A network of ordered water molecules forms the outer coordination sphere for the bound
Mn2+ and extends into the outward metal-permeation pathway between TMs 1b, 6a, and 10.
Conserved H232 below the metal-binding site also coordinates an ordered water. (B) For
comparison the same region is highlighted in green in the G45R inward-occluded structure,
although the TM6a helix is extended, and only residues 228-231 are unwound. Interestingly, in
this structure the N426 sidechain donates a hydrogen bond to satisfy the backbone carbonyl on
TM10 just above the conserved P386. For clarity, TMs 3, 4, 8, and 9 are omitted and TM10 is
shown as a transparent ribbon in panels A and B. (C-D) Representative traces (n = 3) for WT and
binding-site mutants (C) Cd2+ and (D) Mn2+ uptake at 750 µM. Mutations to D56 eliminate all
metal transport, while mutations to N59 severely impair transport for both metals. At higher
metal concentrations, mutations to M230 are much more deleterious to Cd2+ transport than Mn2+
transport, while mutations to Q378 do not greatly impair transport of either metal. (E) Transport
efficiency (Vmax/KM) comparisons from the data in Figure 3E-F illustrate all tested mutations are
deleterious to Mn2+ transport, while all but Q378S and Q378N are deleterious to Cd2+ uptake.
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The G45R inward-occluded structure suggests potential metal-binding role for conserved
Q378
The inward-occluded G45R binding site contains no metal. The A53 carbonyl is farther from the
other metal-binding residues than the A227 carbonyl (Figure 3.9C). This is consistent with a
model in which Nramp metal transport involves a switch of ligands, perhaps with the A53 and
A227 carbonyls both coordinating the metal substrate in an as-yet-uncaptured intermediate state.
In G45R, flexing of TM10 above its P386 pivot shifts Q378 (86%, 11% N) ~5 Å to within
hydrogen-bonding distance of metal-binding A227 and D56, perhaps stabilizing the negative
charge during the empty transporter’s return to outward-open. While Q378 does not bind the
metal substrate in either outward DraNramp (7.9 Å) or inward ScaNramp(250) (4.5 Å), its
position in the G45R occluded intermediate suggests it may transiently bind metal substrate
during the transport process. Indeed, two independent molecular dynamics (MD) simulations of
the inward-open ScaNramp showed a metal interaction with the Q378 oxygen (249, 261), and
mutations at this position impaired metal transport in HsNramp2 (261).
To test the importance of the three conserved sidechains D56, N59, and M230 that coordinate
Mn2+ (Figure 3.9A-B) as well as Q378 to metal transport, we purified a panel of mutants and
reconstituted them into proteoliposomes (Figure 3.9D). D56A and D56N eliminated transport of
Mn2+ and Cd2+ (Figures 3.9E-F and 3.10C-D), confirming the preeminent importance of D56.
N59A severely and N59D moderately reduced transport of both metals (Figures 3.9E-F and
3.10C-D). Both M230A and M230T transport both metal substrates (Figure 3.10C-D), but with
lower apparent affinity than WT (Figure 3.9E-F). Consistent with our previous findings,
removing M230—the lone sulfur-containing metal-binding residue—affects Cd2+ more than
Mn2+ transport, reflecting the importance of the semi-covalent interaction Cd2+ can form with
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sulfur (249). Lastly, Q378S and Q378N both preserved significant transport of both metals
(Figure S5C-D). However, these mutants notably impaired transport at lower concentrations for
Mn2+—but interestingly not Cd2+ (Figure 3.9E-F). That the native glutamine is essential for
efficient transport of the biological substrate Mn2+ but dispensable for Cd2+ uptake (Figure
3.10E) suggests that the two metals may interact differently with their surrounding ligands
during the transport process, which the differential effects of the M230 mutations corroborate.

DraNramp proton transport does not require large conformational change
We reconstituted G45R and G223W into proteoliposomes to assess their metal and proton
transport (Figure 3.11A). Consistent with our in vivo findings, neither G45R nor G223W
transport Mn2+, Cd2+, or Co2+ (Figures 3.11B and 3.12A-B). Surprisingly, in the presence of a
favorable negative membrane potential, G223W enabled larger basal H+ influx than WT, while
G45R had no H+ flux (Figure 3.11C). Interestingly, while Mn2+ co-transport stimulated H+
uptake for WT, adding Mn2+ did not further stimulate either G45R or G223W (Figure 3.11C).
These results suggest that Nramp metal and proton transport proceed via separate routes, with
proton transport requiring only that the protein sample the outward-open state.
To test this new hypothesis, we reconstituted the A53C and A61C mutants, with single cysteines
located just below or above the metal-binding site respectively (Figure 3.12D). Both retain
significant metal transport (Figures 3.11E,G and 3.12E-F), and can be targeted with cysteinespecific modifiers to post-translationally add bulky and/or charged wedges to impede
conformational change (Figures 3.11D and 3.12C). Charged MTSET nearly eliminated metal
transport by A61C, while uncharged NEM and MTSEA moderately impaired and did not affect

125

Figure 3.11. Outward-locked mutants retain H+ transport ability.
(A) Proteoliposome assay schematic for monitoring M2+ and H+ import. Membrane potential
(ΔΨ) was established using K+ gradients and valinomycin. (B) Mn2+ uptake plotted over time,
showing that WT enabled robust uptake while G45R and G223W showed no activity. NoP = No
Protein control liposomes. (C) H+ uptake plotted over time, showing that WT enabled significant
H+ uptake without metal (H+ uniport), which was further stimulated by Mn2+. G223W showed a
larger H+ uniport rate, but Mn2+ provided no enhancement; G45R showed no H+ transport
activity. Traces are representative of four experiments. (D) Schematic for in vitro cysteine
modification of A53C (inside accessible) and A61C (outside accessible). MTSEA and NEM are
membrane permeable, whereas permanently-charged MTSET is not. Plots show (E,G) Mn2+ and
(F,H) H+ transport over time in the presence or absence of cysteine modifying agents. Adding
ionomycin allows divalent cation entry to achieve maximum signal. (E) MTSET greatly reduced
A61C Mn2+ transport, NEM had a moderate effect, and MTSEA had little effect. (F) MTSET
enhanced A61C H+ uniport but reduced Mn2+-stimulation compared to WT, while NEM also
reduced Mn2+-stimulation but not H+ uniport. (G) NEM and MTSEA eliminated A53C Mn2+
transport, while MTSET had no effect. (H) NEM eliminated A53C H+ transport, while MTSET
had no effect. Traces are representative of three experiments.
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Figure 3.12. Conformational locking impairs metal transport.
In proteoliposome assays, WT enabled robust (A) Cd2+ and (B) Co2+ transport, while G45R and
G223W did not. NoP = No Protein control liposomes. Traces are representative of four
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Figure 3.13 (continued)
experiments. (C) Schematic for in vitro cysteine modification of A53C (inside accessible) and
A61C (outside accessible). Assuming DraNramp orients randomly during liposome formation,
there is a ~50:50 mix of right-side-out and inside-out transporters. A53C and A61C should thus
be fully-labeled by membrane-permeable MTSEA and NEM for transporters in both orientations.
In contrast, only right-side-out A61C and inside-out A53C transporters should be labeled with
the membrane-impermeable MTSET. (D) A61 and G223 line the metal permeation pathway to
binding site, while A53 and G45 face the metal exit pathway to the cytoplasm. Plots (E,F) show
Cd2+ transport over time in the presence or absence of cysteine modifying agents, with trends
similar to Mn2+ transport in Figure 5E,G: (E) MTSET greatly reduced A61C Cd2+ transport,
NEM had a moderate effect, and MTSEA had a slight enhancing effect; (F) NEM and MTSEA
eliminated A53C Cd2+ transport, while MTSET had no effect. (G-I) None of the modifiers
enabled M2+ or H+ leak into empty liposomes. Traces are representative of three experiments.
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transport, respectively (Figures 3.11E and 3.12E), a result consistent with our previous in vivo
findings that adding steric bulk, but not formal charge, is tolerated at this position (254). In
addition, MTSET-treated A61C replicated G223W’s H+-transport behavior, with higher H+
uniport compared to unmodified transporter, but little stimulation by Mn2+ (Figure 3.11F). In
contrast MTSET had no effect on Mn2+ and Cd2+ transport by A53C, but membrane-permeable
MTSEA and NEM both eliminated transport (Figures 3.11G and 3.12F). Regarding H+ uptake,
MTSEA- and NEM-treated A53C resembled G45R, with no basal uniport or Mn2+ stimulation,
while again MTSET and unmodified A53C both showed H+ flux behavior similar to WT (Figure
3.11H). These findings show that essentially all activity in proteoliposomes, which likely contain
a mix of inside-out and outside-out transporters, comes from outside-out DraNramp. MTSET
modification, which should inhibit any inside-out A53C, had no effect on overall transport,
indicating that inside-out transporters contribute negligibly to the total activity, a result we more
fully explore in an accompanying paper (262). Consistently, while MTSET treatment spares
inside-out A61C from labeling, it nevertheless nearly eliminated metal transport.
In summary, these experiments with permanently-locked crystallization constructs or
chemically-locked cysteine mutants demonstrated that while metal transport requires complete
conformational cycling, proton transport does not require large-scale conformational change and
can proceed through DraNramp’s outward-open state but not its inward-open state.

Conserved salt-bridge network provides potential proton pathway to cytoplasm
Our in vitro results suggested that proton transport occurs via a pathway separate from the
intracellular metal-release vestiblue, which remains closed to bulk solvent in the protontransporting G223W mutant. Below the metal-binding site begins a network of highly-conserved
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hydrophilic residues, including at least seven potentially protonatable sidechains, that leads from
the metal-binding D56 through a tight corridor between TMs 3, 4, 8, and 9 to the cytoplasm
(Figure 3.13A-C). In contrast to the external and intracellular vestibules proposed as metal
entrance and release pathways, the helices and residues within this polar network undergo little
rearrangement between our outward-open, inward-occluded, and inward-open structures (Figure
3.6F-I).
Highly-conserved residues surrounding the metal-binding D56 includes H232 on TM6b (100%
as defined) and E134 (98%, TM3)—which have each been proposed as the Nramp proton
transfer point (255, 261). Across from E134 lies a conserved salt-bridge pair: D131 (TM3, 93%)
and R353 (TM9, 78%). Approximately 9 Å below, a second conserved salt-bridge, E124-R352
(94% and 87%), links the same two helices. This network could provide the route for proton
uniport in the outward-open conformation.

Two conserved aspartates anchor the DraNramp proton transport pathway
To assess whether these residues could be proton carriers, we calculated pKa values for our
outward-open and inward-occluded structures (Figure 3.13D) (263). Surprisingly, D56 is the
only residue with a pKa in the ideal 6-7 range to facilitate proton exchange at a typical external
pH. About 4 Å from D56, E134’s high pKa indicates a near permanently-protonated state, while
H232—4 Å below E134 and 7 Å from D56—has too low a pKa to easily protonate, as does H237
further down TM6b. While E134 and H232 have separately been suggested as the Nramp protonbinding site (255, 261), our pKa predictions suggest otherwise, as maintaining a formal change,
especially on a histdine, would not be favorable at the core of the protein. Within the TM3-TM9
salt-bridge network, R352 and R353 are likely protonated and thus positively charged, while
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Figure 3.13. Conserved salt-bridge network provides pathway for proton uniport.
(A) View from an angle above the membrane looking down into the extracellular aqueous cavity
in the outward-facing G223W structure. (B) Zoomed-in view (with TM10 and TM11 omitted for
clarity), and (C) schematic showing a network of conserved protonatable residues that originates
from the metal-binding site and extends into the cleft between TMs 3, 4, 8, and 9. H232 and
E134 abut metal-binding M230 and D56, providing a connection to the D131-R353 and R352E124 salt-bridge pairs. (D) pKa estimates by PROPKA (263) from high-resolution DraNramp
structures suggest that D56 is the best candidate for efficient protonation/deprotonation at
physiological external pH. Its predicted pKa drops drastically upon Mn2+ binding, which could
trigger H+ transfer to D131, which has the next closest pKa to physiological pH among nearby
residues. (E) Initial rates of basal H+ uptake at various ΔΨs (averages ± S.E.M.; n ≥ 4).
Mutations to D56, E134, H232, and D131 eliminated H+ uniport observed for WT. N59 and
M230 mutants retained significant H+ uptake. Mutations to E124, R352, and R353 enhanced H+
uniport. (F) Dose-response curve of outward-facing reporter A61C modification versus NEM
concentration. All mutants with the exception of H237Q sampled the outward-facing state, which
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Figure 3.13 (continued)
is required for H+ transport to occur (Figure 5). Data are averages ± S.E.M. (n ≥ 3). (G) Saltbridge network schematic shows clustering of four residues required for H+ uniport (red) as well
as three residues that may restrain this flux (green).
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.

Figure 3.14. Sample traces illustrate mutant perturbations of voltage-driven proton
uniport.
(A) Schematic for proteoliposome proton uptake assay. (B) Representative time traces (n ≥ 4) of
H+ uptake into liposomes measured at four ΔΨ values for each mutant or no-protein control.
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their respective salt-bridge partners E124 and D131 are likely deprotonated and negatively
charged, which may allow them to be influenced by membrane voltage as we explore in an
accompanying paper (262). The predicted pKa values of D131 and E124 indicate their
amenability to protonation. Indeed, as D56’s pKa drops to 3.2 upon Mn2+ binding, D131
becomes the best candidate to receive a proton.
We observed three distinct voltage-driven H+ transport phenotypes within our mutant panel
(Figures 3.13E and 3.14). First, removing the two metal-binding residues N59 and M230 has
little effect. Second, neutralizing any member of the D56-E134-H232-D131 network or the
H237Q mutation all drastically reduced H+ transport. Third, mutating any of E124, R352,
R353—the trio of residues farthest from D56—increased H+ uniport across multiple voltages.
Outward-reporter A61C accessibility (Figure 3.1C) is consistent with each mutant sampling the
outward-facing state needed for proton-transport to occur (Figure 3.11), ruling out a
conformational-locking explanation for the loss-of-function mutants (264). While some
mutations perturbed the transporter’s conformational preference, A61C remained at least
somewhat accessible in all cases except H237Q (Figure 3.13F).
In summary, D56 is the likely initial protonation point, with E134 and H232 positioned to
chaperone the proton transfer to D131, while R352, R353, and E124 serve to restrain this process
(Figure 3.13G).

Discussion
We propose a structure-based model for conformation cycling in DraNramp (Figure 3.15A-B).
Starting from the outward-open state as seen in our G223W structure, metal binding and
resulting proton entry into its release pathway may trigger bulk conformational rearrangement to
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Figure 3.15. Mechanistic models for conformational change, proton transport, and metal
transport.
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Figure 3.15 (continued)
(A) Model of conformational change: The metal ion reaches the outward-facing state’s binding
site via the cavity between TMs 1b, 6a, 10, 3, and 8. TM6a and 10 both bend inward to close the
outward aqueous pathway in the inward-occluded conformation. TM6a’s sharp bend inward
pulls on TM5 via extracellular loop 5-6 to cause a rigid displacement of that helix that begins to
open the inner gate. Finally, TM1a swings upward away from TM6b to open a broad
intracellular aqueous cavity into which the transported metal ion can diffuse. (B) Superposition
of outward- (gold) and inward-facing (teal) conformations illustrate key movements by TMs 1,
5, 6, and 10. (C) Overall transport model: While complete conformational cycling is required for
metal transport, proton uniport occurs through the outward-facing state. (D) Proton transport
model: A proton transits the external vestibule to reach the binding site near the center of the
membrane and initially binds to D56. Metal enters through the same passageway and ejects the
proton from D56 upon and the proton is then passed to D131, with H232 and E134 facilitating
the transfer. The proton ultimately reaches the cytoplasm through the tight cavity between TMs
3, 4, 8, and 9, while metal ions must await a bulk conformational change that opens a separate
pathway between TMs 1a, 2, 5, 6b, 7, and 8. Proton uniport follows the same route, with the
D56-D131 transfer still occurring even without metal substrate, albeit at a slower rate. (E) Model
for metal coordination during the transport process: The metal ion initially binds in the outwardfacing state to D56, N59, M230 sidechains and the A53 carbonyl, shedding all but two water
ligands. As the outward metal-permeation pathway closes, the Q378 sidechain and A227
carbonyl displace the two waters so that the metal is solely coordinated by six amino acids in the
occluded state. As the inner gate opens to reach the inward-facing state, the Q378 sidechain and
A53 carbonyl withdraw from the metal and are replaced by waters. The metal is then released
into the cytoplasmic aqueous vestibule. To facilitate the return to the outward-facing state, the
Q378 and N59 sidechains donate hydrogen bonds to negatively-charged D56 as the transporter
reaches the occluded return conformation seen in our G45R structure. Finally, as the transporter
returns to an outward-open state, it may bind a proton in preparation for metal-binding.
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close the external vestibule. Inward movements of TM6a, TM10, and to a lesser extent TM1b,
above their respective non-helical hinge regions, result in a transient occluded conformation
similar to our G45R structure (Figure 3.15A-B). Next, the inner gate opens, with movement of
TM4-5 and reorientation of key sidechains within the eventual intracellular vestibule allowing
TM1a to bend upward and bulk solvent to access the metal-binding site to release metal
substrate, as the protein achieves a state similar to the Patch mutant DraNramp structure (254).
To return to the outward-open state and complete the transport cycle, close packing of TM6b and
TM1a lead to a conformation similar to G45R, and TM4-TM5 close in on TM1a and TM6b to
seal the cytoplasmic vestibule. This TM5 shift is propagated along the whole helix, causing
substantial movement relative to the core of the protein. This movement is communicated to
TM6a via the TM5-6 linker, leading to opening of the external vestibule. Thus, TM5 may
transmit the signal of the inner gate closing to the outside of the protein to open the outer gate.
Our in vitro assays showed that while DraNramp metal transport requires sampling of both
outward- and inward-open states, proton uniport occurs in sterically outward-locked constructs.
This supports a model where protons and metal travel through distinct pathways on the
cytoplasmic side of the protein (Figure 3.15C-D), such that proton uniport is a feature of
DraNramp’s outward-open state, whereas metal transport requires bulk rearrangement. In
contrast, both protons and metal likely enter through the same aqueous pathway, as inwardlocked proteins do not transport either substrate. Proton uniport occurs via a network of
conserved protonatable residues leading from D56 in the metal-binding site to D131 in a saltbridge network between TMs 3, 4, 8, and 9. This proton pathway is accessible in the outwardopen state, thus enabling the well-documented proton uniport (40, 62, 251-253). The apparent
sequential protonation of D56 and subsequent transfer to D131, mediated through an
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E134/H232-stabilized transition state, may thus serve to restrain H+ entry and prevent the
channel-like kinetics that might otherwise be expected for this process. For metal-proton cotransport, Mn2+ interaction with D56 presumably stimulates proton transfer into the same saltbridge network.

We further explore the mechanistic details of DraNramp “proton-metal

coupling” in an accompanying paper (262).
In our G223W structure, two water molecules coordinate Mn2+: one lies between the metal and
A227’s carbonyl, the other between the metal and Q378 (Figures 3.9A and 3.15E). We propose
that after Mn2+ binds to D56, M230, A53, and N59 as in our G223W structure, the A227
backbone carbonyl oxygen and Q378 sidechain oxygen both displace the two waters as the outer
gate closes. DraNramp would therefore reach a fully dehydrated metal-bound state not yet
visualized but which may resemble our apo G45R inward-occluded structure (Figure 3.15E).
Next, as the inner gate opens, the A53 carbonyl would unbind Mn2+, exchanging with a nearby
water—such as the one bound to H232 in our G223W structure—and Q378 would also exchange
with water to yield an inward-open metal-bound state as observed in the ScaNramp structure
(Figures 3.9B and 3.15E) (250). In this conformation the Mn2+-coordination sphere would
include four residues and two waters—analogous to the G223W structure—thus facilitating
eventual metal release. The proposed transition from four to six to four Mn2+-coordinating
residues could help preferentially stabilize the occluded transition state (265) through the free
energy (entropy-driven) gains of releasing the two water ligands. In addition, the intramolecular
rearrangements from the outward-open state needed to achieve the hypothetical intermediate six
residue Mn2+ coordination—the helical extension and inward movement of TM6a, and the
toppling of TM10’s top half—also serve to close the external vestibule, providing a potential
mechanistic link between local changes in the metal-coordination sphere and bulk

138

conformational change. To return to the outward-open state, the transporter must pass through an
apo-occluded state as seen in the G45R structure, in which the N59 and Q378 sidechains reorient
to stabilize D56 in the absence of the divalent cation carried during the outward-to-inward
transition (Figures 3.9C and 3.15E). As the transporter reaches the outward-open state seen in
EcoNramp (255), a protonation event may prime the binding site to receive another incoming
metal ion. Future molecular dynamic simulations and/or experiments will be essential to test
these predictions.
The mechanism described above for the DraNramp transport cycle—developed from structures
of the same Nramp homolog in three distinct conformations and supported by metal and proton
transport data—differs significantly from those previously observed for other LeuT-fold
transporters. Mhp1, BetP, and (to a lesser degree) LeuT generally obey a “rocking bundle”
model in which the rigid-body movement of four TMs that contain the primary substrate binding
site (1, 2, 6, and 7) against the remaining TMs (3-5, 8-10) leads to conformational change (235,
237, 247). In DraNramp TMs 5 and 10 join TMs 1 and 6 to form the substrate-binding “mobile
domain,” while TMs 2 and 7 join the remaining TMs as part of the scaffold. Furthermore, the
mobile helices do not appear to move as a rigid body, as conserved helix-breaking motifs free
TMs 1a, 6a, and the top of TM10 to undergo significant displacements independent of TMs 1b,
6b and the bottom of TM10. In contrast, the fully-helical TM5 wholly reorients, and may thus
coordinate the opening and closing of the inner and outer gates, connecting TMs 1a and 6b with
TM6a (Figures 3.6, 3.11, and 3.15C).
In comparison to other APC superfamily members, the large TM1a displacement in DraNramp
most closely resembles its dramatic movement in LeuT (243). Gating roles for TMs 5 and 10
have been ascribed for the BetP, Mhp1, and MhsT transporters (244-246), although not to the
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same extent as we propose here in DraNramp. Not surprisingly, the conformational changes in
DraNramp are most similar to those predicted by comparing structures of two other bacterial
Nramp homologs in complementary conformations (250, 255), suggesting the distinct
mechanisms are conserved within the Nramp clade of the LeuT-fold family.
Whereas the distinct conformational changes of DraNramp demonstrate the diverse repertoire of
potential dynamics available to the LeuT-fold family, the most striking mechanistic differences
between DraNramp and all other structurally-studied LeuT-fold transporters members concern
the coupling ion behavior. Most well-characterized superfamily members (including LeuT, BetP,
and Mhp1) are Na+-driven symporters of small organic molecules which have one or two Na+binding sites (233, 234). Sodium binding at the highly-conserved Na2 site connects the “bundle”
(TM1) and “scaffold” (TM8) domains while also shifting the conformational equilibrium in
favor of the outward-open state (266-268) This Na2 site typically consists of hydroxyl groups
from two conserved consecutive serines/threonines on TM8 and four main-chain carbonyls (one
from TM8, three from the unwound-region of TM1) (195, 233). Intriguingly, the analogous
location in DraNramp also contains two highly-conserved hydroxyl-providing residues on TM8,
S327 and S328. These residues may be a remnant of the conversion of the ancestral Na2 site into
a H+ site in the Nramp clade, as S327 directly faces the proposed proton-binding residue D56 in
TM1’s unwound region, while S328 faces D131 leading into to the proposed proton-transport
pathway. This hypothetical evolutionary switch has precedent within the LeuT-fold family, as
the proton-coupled amino acid transporter ApcT analogously uses a conserved lysine (K158) on
TM5, whose sidechain protrudes into the Na2 location between TMs 1 and 8, as its primary
proton-binding site (240). This switch may have evolved in Nramps to avoid simultaneously
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coordinating two metal cations (Na+ coordination, like Mn2+ coordination, requires ~6 oriented
ligands, whereas H+ binding requires a single sidechain).
In addition, LeuT and other bacterial homologs perform proton antiport as part of the return to an
outward-open state (269-271) via a conserved glutamate (E290) on TM7 (272), analogous to the
highly-conserved N275 that lines DraNramp’s intracellular vestibule. Available structural
information and MD simulations suggest that proton symport in ApcT and antiport in LeuT
likely occur through the bulk opening and closing of the same permeation pathways used by the
primary substrates (amino acids) (240, 243, 272, 273). In contrast DraNramp does H+ uniport
even when mutationally (G223W) or chemically (A61C-MTSET) precluded from opening the
intracellular vestibule (Figure 3.11). We propose a proton route from D56 through D131 and into
a conserved salt-bridge network between TMs 3, 4, 8, and 9 (Figure 3.13), which appear to
remain relatively stationary during the conformational change process (Figure 3.6). Indeed,
evolutionary analysis reveals that this polar network is unique to the Nramp clade of the LeuTfamily (274); this region is mainly hydrophobic in both LeuT and ApcT (195, 240). A parallel
transport pathway for protons alleviates the electrostatic problem of stabilizing three added
positive charges (the proton and divalent metal cation) throughout the conformational change
process. Such proton uniport requiring only subtle conformational rearrangements is more
reminiscent of H+ shuttling in the CLC family of Cl-/H+ antiporters (275-278) than the canonical
Na+ transport seen in LeuT-family symporters.
The DraNramp proton and metal transport mechanism, where primary and driving substrates
enter via a common permeation pathway but exit via separate routes to the cytoplasm—with H+
transfer perhaps preceding and triggering bulk conformational rearrangement needed for Mn2+
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release to occur—is thus far unique to the Nramp clade within the APC superfamily, which
underscores the evolutionary flexibility and adaptability of the shared LeuT-fold.

Methods
Cloning of DraNramp
WT and mutant DraNramps were cloned in pET21-N8H as described (254). All constructs were
full-length, except the G223W crystallization construct was N-terminally truncated to residue 35;
this deletion did not affect metal transport (254). Mutations were made using the Quikchange
mutagenesis protocol (Stratagene) and were confirmed by DNA sequencing. Single-cysteine
constructs also included the C382S mutation to remove the lone endogenous cysteine. The
C41(DE3) E. coli strain was used for protein expression and in vivo assays.

Expression and purification of DraNramp crystallography constructs
Six liters of DraNramp C41(DE3) cells were cultured as described (254), pelleted and flashfrozen in liquid nitrogen. Proteins were purified at 4°C. Thawed cells were lysed by sonication in
40 ml load buffer (20 mM sodium phosphate, pH 7.5, 55 mM imidazole, 500 mM NaCl, 10%
(v/v) glycerol) plus 1 mM PMSF, 1 mM benzamidine, and 0.3 mg/ml each DNAse I and
lysozyme. Lysates were cleared for 20 min at 27,000 × g. Membranes were pelleted from
supernatant at 230,000 × g for 70 min, homogenized in 65 ml load buffer and flash-frozen in
liquid nitrogen. Thawed membranes were solubilized for 1 h, adding 1.5% (w/v) n-dodecyl-β-Dmaltopyranoside (DDM), then spun at 140,000 × g for 35 min to pellet debris. Pre-equilibrated
Ni-sepharose beads (3 mL; GE Healthcare) were incubated with the supernatant for 1 h, and
washed with load buffer containing sequentially 0.03 % DDM, 0.5% lauryl maltose neopentyl
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glycol (LMNG), and 0.1% LMNG. Protein was eluted in 20 mM sodium phosphate, pH 7.5, 450
mM imidazole, 500 mM NaCl, 10% (v/v) glycerol, 0.01% LMNG, concentrated to < 0.5 mL in a
50 kDa cutoff centrifugal concentration, and loaded onto a Superdex S200 10/300 (GE
Healthcare) pre-equilibrated with SEC buffer (10 mM HEPES pH 7.5, 150 mM NaCl, 0.003%
LMNG). Peak protein fractions were pooled, concentrated to ~20-40 mg/ml, aliquoted, and
flash-frozen in liquid nitrogen.

DraNramp crystallization, X-ray diffraction data collection, and structure determination
Protein (10-15 µL) was loaded into a 100-µL glass syringe attached to an LCP coupling device
(Formulatrix). A second 100-µL syringe containing 1.5 volumes of liquid monoolein (T > 37°C)
was attached to the coupling device, and the two solutions were mixed for 100 cycles using an
NT8 (Formulatrix) in LCP mixing mode at 5 mm/s. LCP boluses (50-100 nL) and precipitant
(600-1000 µL) were dispensed into 96-well LCP glass plates and incubated at room temperature
(RT). Crystals of G223W (25 mg/ml) with 2.5 mM MnCl2 in SEC buffer grown in 28% PEG400,
5 mM MnCl2, 100 mM MES pH 6, 50 mM succinic acid pH 6, 10 mM spermidine pH 7, (10-30
µm square plates) were harvested after nine days using mesh loops (MiTeGen) to scoop the
bolus, then flash-frozen in liquid nitrogen. Similar G223W crystals in the apo state were obtained
after seven days with 26% PEG400, 100 mM MES pH 6, 50 mM succinic acid pH 6, 20 mM
spermidine pH 7. Crystals of the analogous NEM-modified G223C/C382S ∆N34 (G223C retains
close to WT-level metal transport before NEM-labeling (254)) were obtained in the same
condition. Crystals of G45R (22 mg/ml) grown in 20% PEGMME 550, 150 mM NaCl, 100 mM
HEPES, pH 7.0 (~100 µm rods) were harvested after ~10 days.
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Data were collected at Advanced Photon Source beamline 24ID-C. Crystals were located on by
grid scanning with a 70-µm beam at 70% transmission followed by focused grid scanning with a
10-µm beam at 100% transmission. Data wedges were typically collected from -30° to +30° in
0.2° increments using a 10-µm beam at 100% transmission. Two wedges from 2 crystals
(G45R), 23 wedges from ~15 crystals (G223W with Mn2+), or 39 wedges from ~20 crystals
(G223W apo) were independently indexed and integrated then combined during scaling using
HKL2000 (279) to obtain complete data sets. Structures were determined using software
provided by SBgrid (280). Initial phases were obtained by molecular replacement in PHASER
(281) using our first DraNramp structure (PDB: 5KTE) as a search model for G45R and an inprogress G45R model for G223W. Model building and refinement were iterated in Coot (282)
and PHENIX (283), respectively. For all structures, positional and B-factor refinement with TLS
restraints were used throughout, with torsion angle NCS restraints for G45R. G45R contains two
protein molecules in the asymmetric unit—chain A with residues 45-167 and 174-436 and chain
B with residues 44-168 and 175-436 (RMSD 0.864 over 2899 atoms, 0.498 over all 386 Cαs)—
and seven fully or partly modeled monoolein molecules. Chain A was used for figures and
analyses. The G223W Mn2+-bound structure includes residues 39-436, nine full or partial
monooleins, one spermidine molecule, and two Mn2+ ions—one in the metal-binding site, one at
a crystal-packing interface. The G223W apo structure includes residues 39-436 and six full or
partial monooleins. The two G223W structures align with RMSD 1.405 over 3012 atoms, 1.077
over all 398 Cαs). The electron density for each TM is shown as Figure S3A for G45R and
Figure S3B for G223W with Mn2+, which also shows the metal-binding site for both the Mn2+bound and apo structures. The inward-open Patch mutant structure was updated to correct the
position of intracellular loop 10-11 and the registry of TM11, and extend the N-termini of TMs
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5, 7 and 9 the C-terminus of TM7, and extracellular loop 7-8, and improve the geometry of the
Fab. The new model comprises residues 43-165, 170-236, 256-341, 351-436 of DraNramp, 1129 and 132-213, and 1-213 of the Fab heavy and light chains, respectively, and three Os3+ ions.

In vivo metal transport assays
Metal uptake assays in E. coli were performed as described previously (249).

In vitro transport assays
Protein purification, liposome preparation, and metal/proton transport assays were performed as
described in an accompanying paper (262). Single-cysteine constructs A53C and A61C were
purified in the presence of 1 mM DTT. To modify cysteines, liposomes were diluted into buffer
(120 mM NaCl, 10 mM MOPS pH 7) containing 3 mM MTSET, 3 mM MTSEA, or 4 mM
NEM, and incubated at least 30 min at RT before beginning transport assays.

Cysteine accessibility measurements
Cells grown as for the uptake assay were washed once in labeling buffer, resuspended at
OD600=2, and aliquoted 100 µL per well in a 96-well plate. A 1:1 NEM dilution series was
prepared in labeling buffer at 8 mM; 100 µL of the appropriate 2X NEM solution was added to
each well and incubated 15 min at RT. L-cysteine (10 µL of 200 mM) was added to quench
NEM. Cells were washed twice in labeling buffer, pelleted, resuspended in 30 µL lysis and
denaturing buffer (6 M urea, 0.1% SDS, 100 mM Tris pH 7) with 0.5 mM DTT and incubated 1
h at 37°C. The lysate (10 µL) was mixed with 3.5 µL of 6 mM 5K-PEG maleimide (Creative
PEGWORKS) in lysis and denaturing buffer, incubated 1 h at 37°C, and the reaction terminated
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by adding sample buffer with β-mercaptoethanol. Protein was detected via SDS-PAGE and
Western blotting using an Alexa 647-conjugated anti-His-tag antibody (QIAGEN) and a
Typhoon Imager (GE Healthcare). ImageJ64 was used to determine the % modification as
described (254).

Sequence alignments
An alignment of 9289 Nramp sequences was obtained from a HMMER (284) search using the
DraNramp sequence with an E-value of 1, filtered for sequences with just one domain, then
filtered for sequences 400-600 residue long. Incomplete sequences and sequences lacking the
canonical Nramp TM1 “DPGN” and TM6 “MPH” motifs were removed, yielding 6853
sequences. A seed of 92 diverse sequences were aligned using MUSCLE (285), then HMMER
was used with a gap threshold of 0.99 to create the final alignment.

Structural comparisons and analyses
Per-residue Cα RMSD values were calculated using the ColorByRMSD PyMOL script, and
whole-structure Cα RMSD values using the PyMOL align command with cycles=0. To generate
the distance difference matrices, the pairwise distances between all Cα atoms were calculated for
each structure (inward, inward-occluded, and outward). Then, for each combination of two
conformations, a distance difference matrix was calculated by taking the difference between the
distance matrices corresponding to each conformation. These distance-difference values were
then averaged for each pair of TM helices (after dividing TMs 1, 6, and 10 into “a” and “b”
segments) using an RMSD-like calculation to obtain a 14✕14 matrix for each pair of
conformations. pKa values were calculated using PROPKA (263) with CHARMM forcefields.
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Accession Numbers
The accession number for the DraNramp crystal structures reported in this paper are G45R
inward-occluded, PDB ID: 6C3I; G223W ∆N34 outward-open with Mn2+, PDB ID: 6BU5;
G223W ∆N34 outward-open apo, PDB ID: 6D91; revised inward open, PDB ID: 6D9W. The
unprocessed diffraction images were deposited in the Structural Biology Data Grid
(https://data.sbgrid.org/) with SBDG ID: 567 (G45R); 564 and 576 (G223W ∆N34 Mn2+-bound
and apo respectively); and 332, 333, and 334 (inward-open).
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CHAPTER FOUR
Proton co-transport and voltage dependence enforce unidirectional metal transport in an
Nramp-family transporter
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Summary
Secondary transporters harness electrochemical energy to power substrate movement. Here we
untangle the “proton-metal coupling” behavior by a Natural resistance-associated macrophage
protein (Nramp) transporter into two distinct phenomena: ΔpH stimulation of metal transport and
metal stimulation of proton co-transport. Surprisingly, metal elemental identity dictates cotransport stoichiometry, with manganese undergoing symport and cadmium undergoing uniport.
Additionally, we demonstrate the overarching importance of the membrane potential to the
kinetics as well as thermodynamics of Nramp transition metal transport. A conserved salt-bridge
network adjacent to the metal-binding site imparts the observed voltage dependence and enables
proton co-transport, two proper perties that allow Nramp to maximize metal uptake and prevent
deleterious back-transport of acquired metals. We provide a new mechanistic model for Nramp
metal-proton symport in which, in addition to substrate gradients determining directionality as in
traditional secondary transport, synergy between protein structure and physiological voltage
enforces unidirectional substrate movement.
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Cells commit significant ATP expenditure to maintain ionic gradients across membranes, a form
of energy storage. Selective membrane permeability also generates a stable charge imbalance
that produces a membrane voltage, negative intracellular. Secondary transporters harness these
electrochemical gradients by coupling the energetically-favorable movement of abundant ions
(Na+, K+, H+, Cl-) to the (often uphill) movement of substrates (6, 8, 238, 265). Tight coupling
mechanisms prevent uniport: “futile cycles” that dissipate ion gradients and back-transport of the
primary substrate down its concentration gradient (6).
The Nramp (Natural resistance-associated macrophage protein) family of transporters import
divalent transition metal ions, essential micronutrients serving as cofactors to myriad metabolic
enzymes. Prokaryotic Nramps perform high-affinity Mn2+ scavenging (10, 28), while in
eukaryotes, including humans, Nramps are essential to iron dietary uptake, iron trafficking to and
recycling from erythrocytes, and the metal-withdrawal innate immune defense (52-54).
Nramps are thought to couple proton transport to metal substrate import (40, 62)—primarily
Mn2+ and Fe2+, but also the biologically useful metals Co2+, Ni2+, and Zn2+ (112, 131, 250); and
toxic heavy metals Cd2+, Pb2+, and Hg2+ (113, 286). Given the typically low environmental metal
ion concentrations, this coupling may make the net transport thermodynamically favorable.
However, the substantial negative membrane potential (which favors cation entry) and the
plethora of intracellular metal-binding proteins and small molecules (which likely act as a sink)
may make metal entry alone energetically-downhill in many cases. Early electrophysiological
studies showed variable metal-proton transport stoichiometries depending on pH and membrane
potential, with significant proton uniport, suggesting loose coupling (40, 251, 253). Furthermore,
multiple Nramp homologs exhibit voltage- and pH-dependence of transport (40, 62, 252, 287).
Nramps have a common secondary-transporter fold (250) and an alternating-access
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conformational cycle (254, 255, 264). Several conserved residues are important for substrate
selectivity (249, 264) and proton-metal coupling (255, 261).
We use the Deinococcus radiodurans (Dra)Nramp homolog, whose structures we determined in
multiple conformations (254, 264), to demonstrate how it harnesses the membrane potential to
both accelerate metal import and prevent deleterious metal export. We further demonstrate how
the Nramp “proton-metal coupling” phenotype encompasses two distinct phenomena: ΔpH
stimulates metal transport, and metal stimulates proton co-transport, with some metal substrates
surprisingly undergoing uniport—metal transport without accompanying proton(s)—rather than
the expected symport. We show how a conserved salt-bridge network allosterically imparts
voltage dependence and forms the pathway for proton co-transport. Our results provide the
definitive mechanistic explanation for how Nramp provides unidirectional transport for its
transition metal substrates.

Results
The membrane potential drives DraNramp metal transport
Our investigation of the role of transmembrane voltage in DraNramp’s mechanism stems from
trying to reconcile an apparent inconsistency between in vivo and in vitro protein behavior.
Purified DraNramp reconstituted into proteoliposomes (Figures 4.2A and 4.1A) with large metal
substrate gradients, transported Cd2+—a toxic metal known to be a good Nramp substrate (112,
288)—but not the biological substrates Mn2+ or Fe2+, or similar metals like Zn2+ or Co2+ (Figures
4.1B and 4.2D). In contrast DraNramp robustly transported Co2+ when expressed in Escherichia
coli (Figure 4.2B).
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Figure 4.1: Metal transport shows strong voltage dependence.
(A) Schematic of proteoliposome assay to detect metal transport at variable membrane potentials
(ΔΨ) established by using K+ gradients and valinomycin. (B) Representative time traces (n = 8)
of Cd2+, Mn2+, and Co2+ transport at different ΔΨs; only Cd2+ is transported at ΔΨ = 0 mV. (C)
Plot of average initial transport rate ± S.E.M. (n = 4) versus membrane potential shows that each
metal except Cd2+ has a characteristic threshold negative voltage for transport to occur: -10 mV
for Mn2+, -50 mV for Fe2+ and Zn2+, and -80 mV for Co2+. (D) Plot of average initial transport
rate ± S.E.M. (n = 2-3) versus metal concentration. Comparison of panels C and D (table inset)
show that higher-magnitude threshold voltages correlate with lower apparent affinity (KM),
indicating that voltage dependence may be enforced through the metal-binding site. Errors in KM
and Vmax encompass the uncertainty of fit (shown as curved lines) to data. (E) Time course of
Co2+ uptake shows that high extracellular [KCl] depresses Co2+ uptake in E. coli. (F)
Complementary single-cysteine reporters to assess conformational cycling of DraNramp. (G)
Plot of fraction of modified cysteine versus NEM concentration shows that inward (A53C) and
outward (A61C) reporters both label even at high [KCl]out that depresses Co2+ uptake.
Conformational-locking thus cannot explain reduced Co2+ transport by DraNramp under these
conditions. Data in E and G are averages ± S.E.M. (n = 4).
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Figure 4.2: DraNramp is a voltage-dependent transition metal transporter.
(A) Coomassie-stained SDS-gel of His-tagged DraNramp purification via Ni2+-affinity showing
load, flowthrough (FT), washes (W1, W2, W3) and elutions (E1, E2). (B) Colorimetric detection
of Co2+ taken up by cells over time shows that DraNramp transports Co2+ when expressed in E.
coli. Data are averages ± S.E.M. (n =4). (C) Control liposomes lacking DraNramp are used to
determine protein-dependent transport activity. (D) Representative time traces (n ≥ 4) of metal
153

Figure 4.2 (continued)
uptake by DraNramp-containing liposomes (top) show that Fe2+ and Zn2+ also exhibit strong
voltage dependence, while Ca2+ remains a poor substrate across all voltages. We observe slow
but non-negligible, voltage-independent Fe2+ and Zn2+ leak into control liposomes (bottom). (E)
Representative time traces (n = 4) of metal uptake by DraNramp-containing liposomes at
different membrane voltages. Transport of all five tested substrates is accelerated at high
magnitude negative membrane potentials. (F) Dose-response curve shows that Co2+ transport in
E. coli has KM = 700 ± 100 µM similar to that obtained at ΔΨ = -150 mV in proteoliposomes,
confirming that DraNramp behavior in vitro is physiologically relevant. Data are averages ±
S.E.M. (n =4). Error in KM is the uncertainty of fit to data. (G) Representative image of Co2+
uptake assay results showing that increased extracellular [K+] inhibits DraNramp-dependent Co2+
uptake in E. coli, as detected by precipitating transported Co2+ as the dark solid CoS. (H)
Representative western blots showing that A61C is labeled by N-ethylmaleimide (NEM)
similarly in high or low external [K+].
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Bacteria, including E. coli, maintain a membrane potential (ΔΨ) between -140 and -220 mV
(289), which greatly influences ion transport thermodynamics. When we applied voltage across
proteoliposome membranes (see Methods), DraNramp transported Mn2+ at -40 mV or below
(Figure 4.1B), and Fe2+, Zn2+, and Co2+ at -80 mV (Figures 4.1B and 4.2D), with notable
acceleration at -120 mV (Figures 4.1B and 4.2D). Indeed, by measuring at 10 mV increments,
we saw metal-specific threshold voltages for metal transport of -10 mV for Mn2+, -50 mV for
Zn2+ and Fe2+, and -80 mV for Co2+, while Cd2+ was transported across the whole measured
range (Figures 4.1C and 4.2E). These trends are similar to the voltage-dependence of mammalian
Nramp2 Fe2+ transport observed via electrophysiology (62, 253, 261, 290).
We next measured transport across a range of metal concentrations at a physiologically-relevant
ΔΨ = -150 mV (Figure 4.1D) to determine Michaelis-Menten constants. The apparent substrate
affinity (KM) at -150 mV correlated with the requisite threshold voltage (Figure 4.1C): Mn2+ and
Cd2+ had highest affinity and the lowest magnitude threshold ΔΨ, Co2+ had the lowest affinity
and highest magnitude threshold ΔΨ, and Zn2+ and Fe2+ were intermediate for both. Our KM
values are consistent with in vivo Co2+ uptake data (Figure 4.2F) and of similar magnitude to
previously reported values for in vivo Cd2+ and Mn2+ transport by the E. coli Nramp homolog
(138, 288). The much higher apparent affinity for Mn2+ and Cd2+ (<10 µM) than other divalent
metal substrates is consistent with trends first observed in EcoNramp (19), but contrasts with
human Nramp2 (DMT1), which has affinities for Mn2+, Fe2+, Co2+, Zn2+, and Cd2+ all within an
order of magnitude in the low µM range (112). These results suggest that bacterial homologs
have higher specificity for their intended substrate, Mn2+, with incidental high Cd2+-affinity.
Next, to recapitulate the voltage-dependence trend in vivo, we varied external [K+], which likely
perturbed the membrane potential of E. coli, as they maintain a significant cytoplasmic [K+]
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(291). High [K+] indeed drastically decreased DraNramp Co2+ transport (Figures 4.1E and 4.2G,
and see Figure 4.10 below for comparison of DraNramp point mutants in this assay).
As one explanation for our results, the membrane potential might perturb DraNramp’s gross
conformational landscape, with the outward-facing state relatively destabilized at lower
magnitude voltages, as seen with the structurally-related SGLT1 transporter (292). We therefore
measured the accessibility to N-ethylmaleimide (NEM) modification of single-cysteine reporters
that are only exposed to bulk solvent in either the inward-open (A53C) or outward-open (A61C)
states (254, 264) (Figure 4.1F). However, although high extracellular [K+] greatly impaired Co2+
transport, it had little effect on the sampling of either the inward-facing or outward-facing states
(Figures 4.1G and 4.2H). We conclude that DraNramp voltage dependence arises from more
nuanced mechanistic changes. This is more consistent with the observed substrate-specific
threshold voltages, as a shift in conformational equilibrium that completely inhibits transport of
all metal does not account for this substrate specificity.
Our consistent in vivo and in vitro findings indicate the reconstituted transporter does indeed
function the same as in the native membrane, and that transmembrane voltage—the missing
piece in our initial reconstitution attempts—is a critical variable controlling metal transport
kinetics.

Proton co-transport is substrate-specific in DraNramp
Despite their similar KM and Vmax at physiological ΔΨ, Mn2+ and Cd2+ behave very differently
at voltages near zero. Indeed, when extending our liposome assay to values of ΔΨ > 0,
which thermodynamically disfavors cation entry, DraNramp still transported Cd2+—but not
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Mn2+—down its concentration gradient even at +50 mV (Figures 4.4A-C), perhaps hinting at a
mechanistic difference between the two metals.
In addition to ΔΨ’s importance, the well-documented requirement of many Nramp homologs for
low pH to stimulate metal transport (19, 40, 62) suggests that ΔpH is as critical variable for
DraNramp as well. We therefore compared the pH dependence of transport for both Cd2+ and
Mn2+ (Figure 4.3A). While lower external pH moderately enhanced Cd2+ transport (Figure 4.3B),
it greatly accelerated Mn2+ transport—even enabling transport at 0 mV (Figure 4.3C). Therefore
Mn2+ transport—but not Cd2+—may require thermodynamically favorable proton entry, either
through a negative membrane potential or a pH gradient.
To test this hypothesis we measured H+ transport by DraNramp (Figure 4.3D) at a range of
voltages in the absence or presence of metal substrate (Figures 4.3E and 4.4D). While DraNramp
efficiently transported all tested metals (except Ca2+) at -120 mV and to some degree at -80 mV,
only Mn2+, Fe2+, and Co2+ stimulated H+ influx above basal rates (Figure 4.3F). Despite robust
Cd2+ uptake across all potentials, Cd2+ failed to stimulate significant H+ transport. Indeed at -120
mV, where H+ uniport—uptake in the absence of added metal—became significant, Cd2+
noticeably reduced the H+ influx rate (Figure 4.3E-F). DraNramp’s two best substrates, which
should nearly saturate the metal-binding site at -80 and -120 mV, gave initial rate stoichiometries
of approximately 1 H+: 1 Mn2+ and 0 H+: 1 Cd2+ (Figure 4.3F), confirming that metal-proton cotransport is indeed substrate-specific.

Voltage and pH both shape DraNramp’s free energy landscape
To better understand the effects of transmembrane voltage and pH gradients on DraNramp
transport, we determined Michaelis-Menten parameters for Mn2+ and Cd2+ transport kinetics in
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Figure 4.3: pH stimulation is distinct from proton co-transport.
(A) Schematic for assessing ΔpH effect on metal transport in proteoliposomes. (B-C)
Representative time traces (n ≥ 4) of Cd2+ (B) or Mn2+ (C) uptake into proteoliposomes. ΔpH
accelerated Cd2+ transport and Mn2+ transport (at ΔΨ = -60 mV), and enabled Mn2+ uptake when
ΔΨ = 0. (D) Schematic for detecting H+ influx into proteoliposomes. (E) Representative time
traces (n = 8) of H+ uptake into proteoliposomes. Negative ΔΨ drove DraNramp H+ import. Mn2+
and Co2+ stimulated H+ entry, while Cd2+ did not, and instead reduced H+ influx at ΔΨ = -120
mV. Except for the reporter dye, conditions were identical to those in Figure 4.1B. (F) Initial
metal (black) and H+ (color) uptake rates show that transport of Mn2+, Fe2+, and Co2+ stimulated
H+ influx above its basal no metal rate, while transport of Cd2+ and Zn2+ did not. Stoichiometry
ratios (numbers above bars) were calculated for Cd2+ and Mn2+ and was approximately 1:1 for
Mn2+/H+ symport. Data are averages ± S.E.M. (n ≥ 4).
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Figure 4.4: Proton co-transport is metal specific.
(A) Schematic for proteoliposome assays with moderate negative and positive ΔΨ values.
Liposomes for ΔΨ ≤ 0 contained only KCl inside and were diluted to a lower external [K+], with
increased Na+ used to balance osmolarity, before adding valinomycin to establish the membrane
potential. Liposomes for ΔΨ ≥ 0 contained mainly NaCl inside, and were diluted into higher
outside [K+]. (B-C) Cd2+ transport driven by a [Cd2+] gradient occurs even at ΔΨ ≥ 0, although
the rate decreases at more positive ΔΨ. In contrast, Mn2+ transport does not occur unless ΔΨ < 0.
Importantly, for both Cd2+ and Mn2+ at 0 mV, the observed transport behavior is the same
regardless of whether the dominant cation species on both sides of the membrane is K+ or Na+.
This indicates that these ions on their own do not enable or inhibit transport, but rather it is the
membrane potential that causes the observed variations in transport rates. Data are averages ±
S.E.M. (n = 4). (D) Representative time traces (n ≥ 4) of H+ uptake into proteoliposomes (top).
Fe2+ stimulated H+ entry, while Zn2+ (substrate) and Ca2+ (non-substrate) did not. ΔΨ-driven H+
import was DraNramp-dependent, as control liposomes (bottom) did not exhibit significant H+
leak or metal stimulated H+ entry. Ascorbic acid used to prevent Fe2+ oxidation slightly lowered
the external pH, which led to slight proteoliposome acidification. Except for the reporter dye,
conditions were identical to those for the metal transport in Figure 4.2D.
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the absence or presence of a pH gradient at three ΔΨ values (Figure 4.5A-B) and used our results
to model reaction coordinate diagrams for Cd2+ and Mn2+ transport (Figure 4.5C-D). For both
metals at both pHs, a more negative ΔΨ increased transport efficiency by improving both KM
and Vmax. Strikingly, in the absence of ΔpH, hyperpolarizing ΔΨ from -50 to -150 mV decreased
the KMs for Cd2+ and Mn2+ more than 20- and 300-fold respectively. Thus, in addition to its large
impact on ion uptake thermodynamics, ΔΨ also shapes the free energy landscape that dictates
DraNramp transport kinetics (Figure 4.5C-D) and thus likely influences metal binding and other
steps in the transport mechanism.
While in all six cases, ΔpH increased Vmax, the effects on KM were mixed (Figure 4.5A-B).
Indeed, ΔpH enhanced apparent affinity for both metals at lower magnitude ΔΨ but reduced
apparent affinity at higher magnitude ΔΨ. Generally, ΔΨ and ΔpH are more synergistic for Mn2+
and more antagonistic for Cd2+, consistent with the H+ co-transport requirement for Mn2+ but not
Cd2+ (Figure 4.3F).

In addition, our data indicate that an insurmountable kinetic barrier

precludes even downhill Mn2+ transport in the absence of a ΔΨ and/or ΔpH favorable to H+
transport, while Cd2+ does not face this requirement (Figure 4.5C-D). However, as ΔpH affected
the transport kinetics of both metals, this indicates that “proton-metal coupling” in Nramps
comprises at least two distinct phenomena: 1. low pH/ΔpH stimulates metal transport, and 2. H+
co-transport is required for certain metal substrates. Below, using insights gleaned from
DraNramp’s structures and mutagenesis experiments we begin to mechanistically explain these
surprising results.
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Figure 4.5: pH and voltage govern DraNramp transport kinetics
(A-B) Dose-response curves at different external pH and ΔΨ values. Data are averages ± S.E.M.
(n = 3). Errors in KM and Vmax reported in the inset table encompass the uncertainty of the fit
(shown as curved lines) to the data. (C-D) Proposed free energy landscapes of Cd2+ (C) or Mn2+
(D) transport based on transport data in (A-B) and Figures 4.1 and 4.3.
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DraNramp metal-binding site abuts an extended salt-bridge network
Our structures of DraNramp in multiple conformational states (254, 264) provide a framework to
understand the mechanistic details of voltage dependence, ΔpH stimulation, and proton cotransport. DraNramps’s 11 α-helical transmembrane (TM) segments adopt the common LeuTfold (195, 236-238) (Figure 4.6A). Conserved residues D56, N59, and M230 coordinate metal
substrate throughout the transport process (250, 264) (Figure 4.6B). Below the binding site,
conserved H237 on TM6b lines the metal’s exit route to the cytoplasm (264) (Figures 4.6C and
4.7A). Adjacent to D56, a conserved network of charged and protonatable residues lead into the
structurally-rigid cluster formed by TMs 3, 4, 8, and 9 to provide a parallel ~20 Å H+-transport
pathway towards the cytoplasm (264) (Figures 4.6C-D and 4.7A-B). These residues form a
sequence of three interacting pairs: H232-E134, D131-R353, and R352-E124. This salt-bridge
network is unique to the Nramp clade of LeuT family of structurally- and evolutionarily-related
transporters (10, 264, 274).
In multiple Nramp homologs D56 and N59 contribute to metal transport (249, 250, 255, 264,
288), while M230 contributes to a selectivity filter that favors transition metals over alkaline
earth metals (249). Mutations to E124, D131, E134, H232, and H237 abrogate Mn2+ transport in
E. coli Nramp (293, 294), while mutations to H232 and H237 (139, 253) and R353 (295) impair
metal transport in human DMT1, with the latter mutation also causing anemia (120). Recent
studies using different Nramp homologs implicated H232 or E134 in proton-metal coupling
(255, 261), and we demonstrated the importance of D56 and D131 in addition to E134 and H232
to DraNramp H+-transport (264). Based on structural analyses we therefore proposed D56 as the
initial proton-binding site and D131 as the subsequent proton acceptor required for
transmembrane transport (264).
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Figure 4.6: A network of highly conserved charged and protonatable residues adjoins the
metal-binding site. (A) Crystal structure (PDB: 6BU5) of DraNramp in an outward-facing
conformation bound to Mn2+ (magenta sphere). TMs 1, 5, 6, 10 are gold, TMs 2, 7, 11 gray, and
TMs 3, 4, 8, 9 blue. (B) D56, N59, M230, the A53 carbonyl coordinate Mn2+ in the outwardfacing state, with two waters (not shown). (C) View from the plane of the membrane of a
network consisting of E134, H232, D131, R353, R352, and E124 extends ~20 Å from D56 to the
cytoplasm. TMs 8 and 4, in front of TMs 3 and 9 respectively, were removed for clarity. (D)
Sequence logos from an alignment of 6853 Nramp sequences. All 11 mutated residues
(numbered above) are highly conserved. Canonical helix-breaking motifs at the metal-binding
site are DPGN in TM1 and MPH in TM6. TM6’s H237 is a glycine in many fungal homologs.
The second TM9 arginine (R353) varies in location due to an extra helical turn in many
homologs; this insertion contains a third arginine in some homologs.
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Figure 4.7. Conserved charged and protonatable residues form network leading from
metal-binding site to the cytoplasm.
(A) View down the metal entry pathway to the conserved network. TMs 10 and 11, which abut
TMs 6a and 3, have been removed for clarity. TM6b’s H237, which lines the metal exit pathway
to the cytoplasm, is the only residue not connected by plausible interactions with the rest of the
network. (B) Schematic of the conserved residues in the salt-bridge network. (C) Time courses of
in vivo Co2+ uptake (averages ± S.E.M.; n = 4). Mutants at most positions retained some Co2+
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Figure 4.7 (continued)
transport in E. coli, with D56, N59, and H237 mutants most impaired. (D) All constructs express
similarly when detected via western blot for the N-terminal His-tag.
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Hypothesizing that this network of conserved charged—and thus potentially capable of structural
rearrangement in the presence of ΔΨ—and protonatable residues contributes to the voltagedependence and proton-metal coupling phenomena, we designed a panel of point mutants that
remove or neutralize these sidechains via alanine and/or asparagine/glutamine substitution. All
DraNramp mutants expressed well in E. coli (Figure 4.7C-D) and were readily purified. We
reconstituted each in proteoliposomes to further explore how each conserved residue contributes
to DraNramp’s metal and proton transport behavior.

Conserved salt-bridge network imparts voltage dependence of metal transport
With our mutant panel, we first measured the effect of ΔΨ on in vitro Cd2+ and Mn2+ transport
(Figures 4.8A and 4.9). Most mutants retained some transport of either or both substrates, except
metal-binding D56 mutants. Compared to WT, the remaining mutants cluster in two groups in
terms of their ability to harness ΔΨ.
Mutations to N59, M230, H232, and H237 largely preserved WT-like voltage dependence. These
TM1 and TM6 residues cluster in the metal-binding site or metal-release pathway (Figure 4.8B).
Mutations to TM3 and TM9 salt-bridge network residues E124, R352, R353, D131, and E134
reduced voltage dependence of Mn2+ and Cd2+ transport across the tested ΔΨs (Figure 4.8). All
reduced transport rates at -120 mV, but many equal and several outperform WT at lower
magnitude ΔΨ. Perturbing this network of residues thus alters ΔΨ’s effects on DraNramp’s metal
transport kinetics, such that these mutants, while moderately impaired compared to WT under
physiological conditions, no longer face WT’s transport restriction in the absence of ΔΨ.
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Figure 4.8. Conserved salt-bridge network confers voltage dependence.
(A) Average initial metal uptake rates ± S.E.M. (n ≥ 4) for DraNramp mutants at different ΔΨ
(colored bars), with the fold increase in transport indicated (cyan, 0 to -120 mV for Ca2+; pink, 40 to -120 mV for Mn2+). Mutations to E124, D131, E134, R352, and R353 greatly reduced the
ΔΨ dependence of Cd2+ and Mn2+ transport, such that they exceeded WT at low magnitude ΔΨ
but lagged WT at physiological larger magnitude ΔΨ. Mutations to N59, M230, H232, and H237
retained ΔΨ dependence, and D56 mutants eliminated all metal transport. Data are averages. (B)
Network schematic illustrates clustering of residues most important for ΔΨ-dependence (red).
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Figure 4.9. Sample traces illustrate mutant perturbations to voltage dependence.
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Figure 4.9 (continued)
(A-B) Representative time traces (n ≥ 4) of Cd2+ (A) and Mn2+ (B) uptake into proteoliposomes
measured at four ΔΨ values for each mutant. (C) Representative time traces (n >4) of Cd2+ (left)
and Mn2+ (right) uptake into showed not metal import into control liposomes.
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We saw similar trends with this panel in vivo: salt-bridge network mutations reduced the effect
of high external [K+] on Co2+ transport in E. coli (Figure 4.10), most strikingly with E134A and
R352A. Overall these results further implicate the intact salt-bridge network as contributing to
DraNramp’s strong voltage dependence and imposing a restriction on most metal transport when
ΔΨ ≥ 0.

Metal-binding site and salt-bridge network contribute to DraNramp’s proton-metal
coupling
We next sought to disentangle the overlapping effects of ΔpH-stimulated metal transport and
metal-stimulated proton co-transport, which we refer to as proton-metal coupling. We measured
Mn2+ transport of our mutants in liposomes across a range of external pHs (and thus pH
gradients) both in the presence and absence of a ΔΨ < 0 (Figures 4.11A and 4.12A-B). Mutant
phenotypes again clustered in three groups (Figure 4.11B). As before, mutants to metal-binding
D56 and N59 eliminated Mn2+ transport, while H237Q showed slight activity with combined ΔΨ
and ΔpH. As with voltage dependence, all mutants to the E124-R352-R353-D131-E134 network
reduced the Mn2+-transport enhancement provided by ΔpH, to a level comparable to Cd2+ in WT.
Strikingly, mutants M230A, H232Q, and E134Q—all near metal-binding D56—eliminated ΔpH
stimulation, such that unlike the WT, no Mn2+ transport was observed in the absence of ΔΨ no
matter the provided ΔpH (Figure 4.12A-B).
Our mutants grouped differently when measuring how metal substrates Cd2+ and Mn2+ affect
proton transport at -120 and -80 mV (Figures 4.11C-D, 4.12C, and 4.13). Mutations to D56,
H232, E134, and D131 eliminated both basal and metal-induced H+ transport (E134A retained
slight Mn2+ stimulation). In contrast to its inhibition of WT, Cd2+ stimulated H+-uptake for
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Figure 4.10. Mutations to conserved residues perturb voltage dependence of in vivo Co2+
transport.
(A) Relative Co2+ transport rates at various extracellular [K+] applied to perturb the endogenous
E. coli membrane potential; higher extracellular [K+] presumably leads to a less-negative ΔΨ.
Mutations to E124, D131, E134, and R352 severely reduced the effect of extracellular [K+].
Mutations to M230, H232, and R353 had more moderate effects. D56N and N59A mutants were
not tested. (B) Time course data for each mutant were used to generate the initial rates shown in
(A). All data are averages ± S.E.M. (n ≥ 3).
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Figure 4.11. Entire conserved network enables ΔpH stimulation and enforces proton cotransport.
(A) Average initial Mn2+ uptake rates ± S.E.M. (n ≥ 4) in proteoliposomes at various external
pHs at ΔΨ = -60 mV. Mutations to M230 and H232 eliminated all ΔpH stimulation of Mn2+
transport, while D56 and N59 mutant lacked Mn2+ uptake. E124, D131, E134, R352, and R353
mutants retained ΔpH stimulation, but at a reduced level more comparable to WT Cd2+ transport
than Mn2+ transport. (B) Schematic shows proximity to binding site of essential residues for ΔpH
stimulation (red), while entire extended network makes some contribution to ΔpH effect
(orange). (C) Average initial metal-stimulated H+ transport rates ± S.E.M. (n ≥ 4). Mutations to
E134, H232, and D131 eliminated metal-stimulated H+ co-transport. Mutations to N59, M230,
and R352 caused Cd2+ to also stimulate H+ co-transport, while for E124 and R353 mutants both
Mn2+ and Cd2+ decreased H+ uptake. D56 mutants do not transport H+ or metal (see Figure 4).
(D) Network schematic shows that residues in immediate vicinity of D56 are essential for metalstimulated H+ transport, while the entire network affects metal-proton coupling behavior.
Interestingly, D131 and E134 mutants retain some ΔpH stimulation while eliminating metalstimulated H+ co-transport, while M230A shows the opposite pattern.
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Figure 4.12. Effects of mutations on ΔpH and ΔΨ stimulation of Mn2+ transport.
(A) Average initial Mn2+ transport rates ± S.E.M. (n ≥ 4) at various external pH at ΔΨ = 0. E124,
D131, E134, R352, and R353 mutants retained significant Mn2+ transport, but little ΔpH
dependence. Even with a ΔpH, H232Q and M230A did not transport Mn2+. (B) Representative
time traces (n ≥ 4) of Mn2+ influx at four ΔpH values at ΔΨ = 0 and -60 mV for each mutant.
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Figure 4.12 (continued)
(C) Average initial metal-stimulated H+ transport rates ± S.E.M. (n ≥ 4) at -80 mV show the
same trends as at -120 mV in Figure 6C.
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Figure 4.13. Sample traces show effects of mutations on metal-stimulated H+ co-transport.
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Figure 4.13 (continued)
(A-B) Representative time traces (n ≥ 4) of metal-stimulated H+ transport in proteoliposomes at
ΔΨ = -120 mV (A) or -80 mV (B). H+ entry was measured in the absence of metal and in the
presence of Mn2+ or Cd2+ for each mutant. (C) No significant H+ entry was observed into control
no protein liposomes under any of the tested conditions.
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mutants to metal-binding N59 and M230 and the 18 Å-distant R352. Strikingly, for E124 and
R353 mutants, both Mn2+ and Cd2+ sharply reduced H+ transport—thus Mn2+ now behaved more
like Cd2+ did for WT.
Overall, any mutation to the extended network perturbed proton-metal coupling, and eliminated
the distinction between Cd2+ and Mn2+. This finding is consistent with previous observations of
subtle perturbations to this network affecting proton-metal coupling, as seen with an anemiacausing mutation G153R on TM4 in mouse Nramp2 (115, 296) directly above the R353-D131
pair (252), and an F-to-I substitution in human Nramp2 at the L164 position adjacent to R352E124 (297). Curiously, some mutants (D131A, E134A) retained some ΔpH stimulation of Mn2+
transport but little Mn2+ stimulation of H+ transport, while others (M230A, R352A) had the
opposite effect, with little ΔpH stimulation but robust Mn2+-stimulation. Interestingly, H232Q
eliminated both effects—consistent with the H-to-A mutant in Eremococcus coleocola Nramp
(255), while D56 mutations eliminated all transport of metal and proton. These results indicate
that pH stimulation of metal transport and metal-proton co-transport are distinct phenomena,
likely imparted by separate groups of conserved residues.

Perturbing salt-bridge network impairs Mn2+-transport efficiency under physiological
conditions
As high transport efficiency requires selectivity against potential competing substrates, we tested
whether our mutants transport Ca2+, an abundant alkaline earth metal that Nramps must
discriminate against (Figures 4.14A-B and 4.15A-B). Most mutations did not increase Ca2+
transport. Thus their perturbations of proton-metal coupling and voltage dependence do not arise
from indiscriminate channel-like metal transport. Metal-binding D56 and N59 mutants reduced
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Figure 4.14. Perturbations to salt-bridge network impair high affinity Mn2+ uptake and
enable deleterious Mn2+ back transport.
(A-B) Average initial Ca2+ transport rates ± S.E.M. (n ≥ 4). Mutations to either M230, which
directly binds metal substrate, or R353, 15 Å away, both increased Ca2+ transport. D56 and N59
mutations eliminated Ca2+ uptake, and other mutants were similar to WT. (C-D). Dose-response
curves of Cd2+ (C) or Mn2+ (D) transport for a selected subset of mutants that reduce or eliminate
ΔΨ dependence, ΔpH stimulation, proton co-transport. Data are averages ± S.E.M. (n ≥ 2). The
resulting transport kinetic values (middle) show significant overlap for Cd2+ transport but wider
separation for the physiological substrate Mn2+. M230A, which lacks the metal-coordinating
sulfur, is the only mutation that impaired Cd2+ transport more severely than Mn2+ transport.
Errors in KM and Vmax encompass the uncertainty of the fit to the data. (E) Schematic for
isolating metal-transport activity from the ~50% inside-out transporters. Only outside-out
transporters are incapacitated by covalent modification of A61C with permanently positivelycharged and thus membrane-impermeable MTSET. (F) Average initial transport rates ± S.E.M.
(n = 4) of MTSET-treated or untreated proteoliposomes. MTSET treatment essentially
eliminated the WT-like protein’s Mn2+ transport. In contrast, mutants D131N, E134A, and
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Figure 4.14 (continued)
R352A retained significant Mn2+ transport, likely reflecting increased activity from inside-out
transporters. This Mn2+ back transport still occurs under physiological-like conditions (ΔΨ > 0
for inside-to-outside transport). In addition, the WT-like protein retained greater residual
transport of Cd2+, which did not require H+ symport (Figure 4.3).
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Figure 4.15. Schematic for DraNramp back transport.
(A) Representative time traces (n ≥ 4) of Ca2+ uptake into proteoliposomes. M230A and R353A
increased Ca2+ transport, D56A and N59A eliminated Ca2+ uptake, and other mutants behaved
comparably to WT. (B) Representative time traces (n = 4) of Ca2+-stimulated H+ uptake into
proteoliposomes. Ca2+ transport stimulated H+ co-transport in M230A proteoliposomes. (C)
Labeling A61C with positively-charged MTSET likely inhibits DraNramp metal transport by
locking the protein in an outward-open conformation. (D) Membrane-impermeable MTSET only
modifies A61C of DraNramp molecules oriented outside-out after reconstitution into liposomes.
Inside-out DraNramp, which we assume is ~50% of the inserted protein, will be protected from
modification and thus capable of conformational cycling. (E) Representative metal uptake traces
(n = 4) of A61C constructs at ΔΨ = -50 or +50 mV in the presence and absence of MTSET.
Interestingly, WT-like A61C/C382S performs some transport of Mn2+ at ΔΨ ≥ 0, unlike the true
WT protein. Mutations to D131, E134, and R352 all increased Mn2+-transport at +50 mV even
after MTSET labeling. In addition, Cd2+ transport by WT-like was less dependent on voltage,
and showed more residual transport after MTSET labeling. (F) A61C liposome assay mimics
cellular context for DraNramp back-transport. Metal influx into MTSET-treated proteoliposomes
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Figure 4.15 (continued)
occurs down a concentration gradient but against a ΔΨ > 0, just as metal efflux would in vivo.
Addition of ionomycin shuttles divalent cations to show the maximum signal.
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Ca2+-transport below WT levels, indicating that Ca2+ transport requires the same metal-binding
site as other metals. Two mutations enhanced Ca2+ uptake: M230A, which removes the metalcoordinating methionine that preferentially stabilizes transition metals (249), and R353A. The
altered selectivity of R353A, 15 Å from the bound metal, is reminiscent of G153R, which adds
exogenous positive charge to the salt-bridge network region and perturbs the metal-binding site
to improve Ca2+ transport (252, 254).
We next compared Cd2+ and Mn2+ transport by select mutants across a range of metal
concentrations to understand how these residues impact transport under more physiologicallyrelevant conditions (Figure 4.14C-D). Most mutations had little impact on Cd2+ transport even at
low µM concentrations, and thus retained transport efficiency (calculated as Vmax/KM) within 2fold of WT. The exception was M230A, which drastically reduced Cd2+ transport, consistent
with the importance of this residue for Cd2+ affinity (249, 264). In contrast, all mutations reduced
Mn2+ transport at environmentally-relevant low Mn2+ concentrations, resulting in 5 to 50-fold
lower efficiency. Thus, mutagenic perturbations to the transporter that reduce voltage
dependence or remove the proton co-transport requirement also impair function under
physiological conditions.

Voltage dependence and proton-metal coupling prevent deleterious Mn2+ back-transport
Lastly, we probed whether the salt-bridge network prevents back-transport of metal ions. As
membrane proteins typically orient randomly in proteoliposomes, we reconstituted DraNramp
constructs containing the single-cysteine A61C that lines the external vestibule and applied
membrane-impermeable 2-(Trimethylammonium)ethyl methanethiosulfonate (MTSET).
Covalent modification of A61C with MTSET nearly eliminates metal transport in vivo (254) and
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in vitro (264), likely by preventing outward-to-inward conformational change essential for metal
transport (264) (Figure 4.15C). In proteoliposomes, MTSET treatment should thus incapacitate
outside-out transporters, leaving inside-out proteins unaffected—and thus theoretically capable
of metal transport (Figures 4.14E and 4.15D). Strikingly, while MTSET essentially eliminated
Mn2+ transport for the WT-like protein, salt-bridge network mutants D131N, E134A, and
R352A retained significant activity at both positive and negative ΔΨ (Figures 4.14F and 4.15E).
Thus inside-out mutant transporters shuttled Mn2+ down its concentration gradient against ΔΨ
—corresponding to back-transport in a cellular context (Figure 4.15F)—while this process was
not observed for the WT-like protein. MTSET-treated WT-like protein facilitated Cd2+
transport, which unlike Mn2+ does not stimulate H+ uptake (Figure 4.3), further underscoring
the importance of proton co-transport to enforce unidirectional metal transport. In conclusion,
disruption of voltage dependence and proton-metal coupling through mutagenesis or by metal
identity imparts a greater risk of metal efflux under physiological conditions.

Discussion
We summarize the results of our mutagenesis experiments in Table 4.16, which inform the
following model (Figure 4.17A). The D56-E134-D131-R353-R352-E124 network establishes the
strong voltage dependence of the transporter that restricts transport above metal-specific
threshold voltages (Figure 4.1). D56 first protonates to optimally orient the metal-binding
residues—donating a hydrogen bond to the metal-binding N59 carbonyl oxygen rather than
receiving a hydrogen bond from the amide nitrogen (Figure 4.17B)—a process facilitated by
E134, M230, and H232. D56 protonation also neutralizes the protein core. Incoming Mn2+
displaces the H+ from D56 and also binds to N59, the A53 carbonyl, and M230, which bond
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Figure 4.17. Complete mechanistic model for DraNramp transport processes.
(A-B) Proposed mechanism of voltage-dependent, metal-proton symport. (Top left) D56
protonation optimizes the metal-binding site via hydrogen-bonding of D56 to the N59 carbonyl
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Figure 4.17 (continued)
oxygen, providing a better metal-binding ligand than the amide nitrogen (as shown in B). (Top
center) Metal substrate binds, displacing the D56 proton, which passes to D131, with H232 and
E134 stabilizing a high-energy transition state. (Top right) The proton then exits to the cytoplasm
via the TM3/TM9 salt-bridge network. In tandem, a bulk conformational change closes the
external vestibule and opens the cytoplasmic vestibule. (Bottom right) The metal is released to
the cytoplasm. (C-D) Cd2+ uniport occurs due to a monodentate interaction with D56, enabling
proton retention. Bidentate binding of D56 by Mn2+ requires deprotonation, passing the proton to
D131. (E-F) Models for canonical secondary transport and DraNramp Mn2+/H+ transport. (E) In
canonical secondary transporters, each step of the mechanism is reversible and tight coupling of
the co-substrates ensures that the prevailing electrochemical gradients determine the net
directionality of transport. (F) In contrast, co-substrate coupling is loose for DraNramp due to the
requisite spatial separation of the like-charged Mn2+ and H+ during transport. In addition, the
salt-bridge network that imparts voltage dependence and provides the proton-transport pathway
enforces unidirectional Mn2+ transport, such that the Mn2+-bound inward-to-outward transition is
kinetically blocked.
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semi-covalently to selectively stabilize the transition metal substrate. H232 and E134 stabilize
the H+ in a transition state before it reaches previously-deprotonated D131. This H+ transfer thus
redistributes the net added positive charge, such that both the metal-binding site and the saltbridge network gain a +1 formal charge. Next, the proton is released to the cytoplasm through
the salt-bridge network. Lastly, bulk conformational change brings the transporter to the inwardfacing state, in which the external vestibule closes and the cytosolic vestibule opens to allow
eventual Mn2+ release (264). The salt-bridge network, a distinguishing feature of the Nramp
clade of the LeuT family, thus imparts the strong voltage dependence and provides for the
temporal and spatial separation of H+ and Mn2+ movement.
Substrate-specific differences in stoichiometry of the driving ion, as we demonstrated for
DraNramp (Figure 4.3), have been reported for unrelated transporters (298, 299), and different
metal ions can trigger distinct allosteric responses upon binding, especially in metal-sensor
proteins (26, 27). For DraNramp, the distinction between proton-metal symport (Mn2+, Fe2+, and
Co2+) and metal uniport (Zn2+ and Cd2+) follows a familiar inorganic chemistry partition. The
former cations have 5, 6, or 7 valence d-electrons and typically prefer a coordination
arrangement with more electron-donating ligands than do the latter metals which have a filled dshell (259). Therefore, while D56 coordinates Mn2+ in a bidentate manner requiring
deprotonation (Figure 4.17D) as we modeled for DraNramp’s outward-facing state (264), D56
may instead interact with Cd2+ only through its carbonyl oxygen and thus retain its proton
(Figure 4.17C). The greater importance of M230 for Cd2+ than Mn2+ transport (Figure 4.14C-D
and (249, 264) further supports differential binding priorities for the two metals.
The canonical model for secondary transport posits a cycle of conformations in which each
transition is fully reversible, precise stoichiometry is always maintained, and the prevailing ion
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gradients determine the directionality of net transport (Figure 4.17E). Effective symport thus
requires tight coupling between the co-substrates, which the transporter accomplishes by
employing the driving ions structurally to aid in the binding of the primary substrate or
mechanistically to selectively stabilize a certain conformational state (233, 234). Indeed, for the
LeuT amino acid transporter—a structural homolog of DraNramp—substrate binding depends on
two bound Na+ ions (300): one Na+ stabilizes the outward-open conformation (266, 267) while a
second Na+ binds the transported amino acid’s carboxylate (195).
The DraNramp proton-metal symport mechanism (Figure 4.17F) appears to violate basic
principles of canonical symport. First, substrate coupling is asymmetric: Mn2+ transport requires
H+ co-transport, to the extent that an Mn2+ gradient cannot drive Mn2+/H+ transport unless H+
entry alone is thermodynamically favorable (from ΔΨ and/or ΔpH, as seen in Figures 4.1 and
4.3). In contrast, while Mn2+ stimulates H+ transport, H+ uniport still occurs readily—and without
requiring bulk conformational change (264)—resulting in the variable co-transport
stoichiometries previously reported for yeast and human Nramp homologs (40, 253, 287). These
“futile cycles” are energetically wasteful, as they deplete ΔΨ and ΔpH without assisting in the
uptake of the primary substrate; it is intriguing that evolution has retained such a clear
thermodynamic cost as a general feature of the Nramp family. Second, in our model, the two
substrates do not coexist in the binding site throughout the transport process: Mn2+ binding to
D56 should immediately evict the pre-bound H+ into its distinct exit pathway. Indeed, our results
suggest that H+ transport and M2+ binding may actually become competitive processes under
some conditions, underscoring the co-substrate’s imperfect synergy (Figure 4.5).
In addition, our results demonstrate an essential kinetic role for the physiological membrane
potential in DraNramp metal transport. While voltage necessarily contributes to the net
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thermodynamics of moving charged substrates across the membrane, we observe a strong
voltage dependence of the entire free energy landscape (Figure 4.5), such that a sufficiently
negative ΔΨ is prerequisite for metal binding and/or transport to occur. Though voltage
dependence may be a diffuse property for a transport protein, we assert that the conserved saltbridge network lining the ion transport routes likely evolved to amplify the inherent voltage
dependence of electrogenic transport and establish the WT’s delicate mechanistic restrictions—
including threshold voltages and metal-specific proton co-transport—which our mutagenesis
data support (Figures 4.8, 4.11).
The key outcome of these aberrations from traditional secondary transport— non-canonical
proton-metal coupling and strong voltage dependence—is to enforce the unidirectionality of
DraNramp metal transport, thus precluding deleterious metal efflux. Indeed, no Mn2+ transport
occurred in the absence of a negative ΔΨ (Figure 4.1; cations leaving the cell would experience a
net positive ΔΨ). Furthermore inside-out transporters—even with a favorable ΔΨ—fail to
efficiently transport Mn2+ down a large concentration gradient (Figure 4.14F). The inward-tooutward metal-bound transition is thus essentially forbidden in the WT protein under
physiological conditions, but mutations to the conserved salt-bridge network that perturb protonmetal coupling and voltage dependence can undo these restrictions. DraNramp’s unique
structural adaptation—a network that allosterically “couples” physiological ΔΨ to metal
substrate while also providing the proton exit pathway to the cytoplasm—therefore allows it to
avoid the liabilities of reversibility inherent in the canonical model for symport (Figure 4.17E).
Here we offer DraNramp as a model for voltage-driven transport, in which protein architecture
enables the physiological membrane potential, rather than a specific co-substrate gradient, to be
the dominant variable dictating transport directionality. The membrane potential’s influence on
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transporter mechanisms likely extends to other families of unrelated proteins—which have
evolved for billions of years in the presence of a physiological ΔΨ. Properly-tuned voltage
dependence thus offers a potentially ubiquitous strategy to prevent deleterious back-transport
without jeopardizing transport in the desired direction.

Methods
In vivo Co2+ transport
Co2+ transport was performed as described with 200 µM Co(NO3)2 (264), except that the assay
buffer was 50 mM HEPES pH 7.0, 60 mM NaCl, 10 mM KCl, 0.5 mM MgCl2, 0.216% glucose.
For the varied [K+] measurements, the assay buffer was 50 mM HEPES pH 7.0, 60 mM NaCl,
0.5 mM MgCl2, X mM KCl, and (82.5-X) mM choline chloride, with X indicated in the
corresponding figure legends.

Cysteine accessibility measurements
Cysteine accessibility measurements were performed as described (264), except that the assay
buffer used was the same as for the Co2+ transport experiments.

Cloning, expression and purification of DraNramp constructs for proteoliposome assays
DraNramp constructs were cloned, expressed, and purified as described (264), with the following
changes: protein was purified from cell pellets in a single day, and washed/eluted from nickel
beads in buffers with 0.03% DDM. Protein was concentrated to 2.5 mL and buffer-exchanged
into 100 mM NaCl, 10 mM HEPES pH 7.5, 0.1% n-Decyl-β-D-Maltopyranoside (DM) on a
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PD10 desalting column. Protein concentrations were normalized to 1.2 mg/ml and aliquots were
flash frozen in liquid nitrogen. Single-cysteine constructs A53C and A61C were purified in the
presence of 1 mM DTT.

Proteoliposome preparation
Adjusting the lipid composition (255) of a previous protocol (249, 301), 75% w/w 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine (POPE) was mixed with 25% w/w 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoglycerol (POPG) in chloroform (Avanti Polar Lipids), and then
dried under nitrogen in a warm water bath, re-dissolved in pentane, and dried again. Lipids were
resuspended at 20 mg/ml in 5 mM DM in KCl+NaCl/MOPS buffer (typically ~90 mM KCl, 30
mM NaCl, 0.5 mM or 10 mM MOPS pH 7). Protein was added at a 1:400 w/w ratio to lipid, and
the mixture dialyzed at 4°C to remove the detergent in 10 kDa molecular weight cutoff dialysis
cassettes against KCl+NaCl/MOPS buffer with 0.2 mM EDTA for 1 day, then with 0.1 mM
EDTA for 1-3 days, then overnight at room temperature (RT) against KCl+NaCl/MOPS buffer.
For A53C and A61C, 1 mM, and 0.5 mM DTT was included in the first two dialysis steps.
Fluorescent dye (either 1:49 v/v 5 mM Fura-2 pentapotassium salt or 1:66 v/v 10 mM 2',7'bis(carboxyethyl)-5(6)-Carboxyfluorescein (BCECF) in dimethyl sulfoxide) was incorporated
into proteoliposomes permeabilized by three freeze-thaw cycles in dry ice-ethanol and RT water
baths (and sometimes stored at -80°C after the third freeze). Proteoliposomes were extruded
through a 400 nM filter to create uniform-sized vesicles, buffer-exchanged 1-2 times on a PD10
desalting column pre-equilibrated with NaCl/ or KCl/10 mM MOPS pH 7 buffer. Peak
proteoliposome-containing fractions were pooled to remove unincorporated dye.
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Proteoliposome transport assays and data analysis
Proteoliposomes loaded with either 100 µM Fura-2 or 150 µM BCECF were diluted into buffer
containing appropriate [KCl] to establish the desired membrane potential (302, 303) and
aliquoted into 96 well black clear-bottom plates. Following baseline fluorescence measurement,
5X metal (750 µM final concentration unless otherwise noted) and valinomycin (100 nM final
concentration) were added. A fresh stock of 100 mM FeSO4 in 100 mM L-ascorbic acid was
made for each assay; stocks of 100 mM CdCl2, MnCl2, ZnCl2, and Co(NO3)2 were freshly diluted
into appropriate NaCl or KCl buffer. For assays with a pH gradient, the metals were diluted into
100 mM MES at pH 5.5, 5.8, 6.0, or 6.5 with appropriate NaCl/KCl. The reported external pH
upon metal addition was determined from proportional mixings of larger volumes of the same
buffers. To pre-modify A61C constructs for transport assays, liposomes were diluted into 120
mM NaCl, 10 mM MOPS pH 7 containing 3 mM MTSET and incubated at least 30 min at RT
before beginning transport assays.

Metal transport was monitored by measuring Fura-2 fluorescence at λex = 340 and 380 nm, at λem
= 510 nm. Proton transport was monitored by measuring BCECF fluorescence at λex = 450 and
490 nm, at λem = 535 nm. To calculate concentrations of imported metal, the Fura-2 340/380
ratio and experimentally determined KD values (155, 156) were used for Ca2+ and Cd2+ as
described previously (249); the Ca2+ KD value was used as an approximation for Zn2+. For Mn2+,
Fe2+, and Co2+, the fraction of Fura-2 340 and/or 380 fluorescence quenched, normalized to
maximum observed quenching, was used to estimate imported metal. For proton uptake, the
BCECF 450/490 ratio was used to calculate internal pH, which along with the known total
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internal buffer (0.5 mM) and dye (150 µM) concentration was used to calculate net proton import
via the Henderson-Hasselbalch equation. Initial rates were calculated in Excel and MichaelisMenten parameters were fit using MATLAB.
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CONCLUSION
With this thesis I have provided a new structural biology and biochemistry-based
mechanistic explanation for the Deinococcus radiodurans Nramp transporter.
I first showed how a conserved methionine residue in the metal-binding site serves as a
selectivity filter that favors transition metal cations—especially toxic heavy metals—over the
more environmentally-abundant alkali earth metals. I interpreted my results to propose opposing
selective pressures on the Nramp binding site, as mutations that alleviated heavy metal toxicity
increased susceptibility to alkali earth metal competition. This work provided a rare in-depth
investigation into the ability of individual amino acids to dictate substrate selectivity.
Next, after my co-workers determined the first crystal structure of DraNramp in an
inward-facing state, I identified some of the intramolecular rearrangements necessary for metal
transport to occur, including how the outward substrate permeation pathway opens in an alternate
conformation. I used this information to explain the deleterious effect of two mammalian
disease-causing mutations: one mutation locks the transporter in an inward-oriented state
incapable of transport, while a second allosterically perturbs the selectivity of the binding site to
disfavor the physiological substrates.
Further exploiting our structural knowledge, I designed mutants that favored missing
conformational states in the Nramp transport cycle, and along with another co-worker,
determined two new DraNramp crystal structures: an inward-occluded apo state and an outwardopen metal-bound state. These structures fully illustrated the conformational rearrangements
required during transport, including how the composition of the metal-binding site changes. In
addition, I demonstrated that while metal transport required bulk rearrangements and the opening
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of a wide intracellular metal release pathway, proton transport occurs through a separate narrow
cavity that remains open in the outward-facing state.
Finally, I investigated in-depth the kinetics of metal transport and the mechanism of
metal-proton coupling in DraNramp, with findings that call into questions the prevailing
classification of this protein as a canonical secondary transporter. I showed that the physiological
membrane potential, as sensed by a conserved allosteric network of charged residues, has the
greatest mechanistic role, in addition to its important thermodynamic role, in driving DraNramp
transition metal transport. I further showed that proton-coupling can be thought of as two
partially overlapping phenomenon: 1. low pH-stimulation of metal transport and 2. necessity for
proton co-transport, the latter being dependent on the identity of the metal substrate. To construct
a comprehensive transport mechanism, I used mutagenesis experiments to identify the critical
conserved residues responsible for imparting all of these traits to DraNramp. Overall, beyond
fully explaining the transport mechanism of my model system DraNramp, my thesis research
findings have broadened our understanding of the potential mechanisms of all transport proteins.
Many important questions remain both about the transport mechanism of the Nrampfamily as well as unrelated secondary transporters. A near-term goal would be to test the
applicability of all the mechanistic insights gleaned from DraNramp with a mammalian Nramp
homolog with more immediate relevance to human health. Functional studies could likely be
done fairly easily using electrophysiology in oocytes or other systems appropriate for
mammalian protein expression. Structural studies of mammalian human homologs will likely
require greater investment, innovation, and optimization. The recent advances in membrane
protein crystallography techniques, including expansion of the lipidic cubic phase technique
(304), streamlining of nanobody chaperone generation (305), and refinement of systematic
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approaches to designing thermodynamically stable constructs (306) offer guidance for future
efforts. In addition, future advances in cryo-electron microscopy may ultimately render relatively
small proteins like the Nramp homologs accessible to structural study not requiring
crystallization.
In the substrate-selectivity area of research, the most important steps would involve
looking at existing natural variation within the Nramp-family and in its closest evolutionary outgroup. For example, throughout evolutionary history, different Nramp homologs have been
adapted to different biological niches, including primary responsibility for manganese
scavenging in bacteria and iron trafficking in mammals. Different Nramp homologs with the
same canonical metal-binding residues can nevertheless transport different metal substrates with
vastly different affinities and efficiencies: for example, bacterial Nramps appear to favor Mn2+
and Cd2+ over Fe2+, Co2+, and Zn2+, whereas mammalian homologs exhibit similar transport of
each of those metals (112). Natural selection may have tuned Nramp binding affinities more
subtly than my mutagenesis approach to the primary coordinating residues, as evidence indicates
that more remote residues that likely either effect the secondary metal coordination sphere (307)
or have allosteric effects on the metal-binding site (252) also contribute significantly to metal
selectivity. Mutagenesis studies that compare the effects of transplanting binding-site vicinity
residues differentially conserved in one Nramp clade into a species from a separate clade could
help illuminate the mechanistic basis for this apparent substrate specialization in some homologs.
In addition, continued evolution-guided structure-function studies of the known direct
metal-binding residues themselves may also yield future insights into metal selectivity in this
transporter family. At one position proposed to have a metal-binding role—the TM10 glutamine
in DraNramp, which is an asparagine in many eukaryotic homologs, including human Nramps—
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there is substantial variation even among homologs that maintain the same three other conserved
metal-binding side-chains. Further investigation of the effects of substitutions at this position in
other homologs could explain some of the known distinctions in substrate preferences. In
addition, some Nramp homologs or relatives are known to specialize in transport of nontransition metals, such as Al3+ or Mg2+, and have substitutions in the metal binding site (148,
149), including replacing the conserved methionine with threonine. Further expanding the
potential existing natural diversity, many known genes classified as Nramps based on sequence
homology whose functions have not been investigated biochemically or genetically have
additional substitutions at metal-binding positions. For example, instead of the canonical
“DPGN” and “MPH” motifs in the metal-binding site, the Oryza sativa (rice) Nramp4 has
“DPSN” and “VPH,” while Arabidopsis thaliana Nramp5 has a “TPH” sequence. In addition,
structure-function studies using Nramps from extremophiles that live in harsh heavy-metal rich
environments (150), some of which naturally have an alanine replacement for the methionine
among other changes compared to “canonical” Nramps, could also prove fruitful in
understanding the basics of metal selectivity and the importance of competing selective pressures
on tuning metal-binding site properties.
Lastly, more thorough inorganic chemical investigations of Nramp metal-binding would
also improve our understanding of the metal transport process. Techniques such as electron
paramagnetic resonance (EPR) or X-ray absorption fine structure (XAFS) could shed light on the
electronic properties of the metal and its interactions with the surrounding metal-coordinating
amino acids and water ligands during the transport process. Even more broadly, additional
structure- and conservation-guided studies in unrelated metal transporters (308) and structurally
homologous proteins with vastly different substrates such as LeuT (309) will contribute to our
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understanding of the overarching principles for evolutionary optimization of transporter binding
sites, which will also continue to have profound implications for future protein design efforts
(310).
Regarding the state of DraNramp structural knowledge, the future work of greatest value
could be providing a higher resolution inward-facing structure, especially in the presence of
bound metal substrate to confirm the assumed similarity to the known ScaNramp metal-bound
structure (250). In addition, obtaining occluded metal-bound and outward-open apo
conformations would allow for the complete understanding of the DraNramps conformational
transitions. In addition, crystal structures of DraNramp bound to its full range of metal
substrates, as well as mutants such as M230A bound to non-native substrates like Mg2+ and Ca2+,
may provide insights into the mechanistic distinctions in transport for these metals For example,
perhaps Cd2+ and Zn2+ bind with a different geometry or combination of ligands than Fe2+, Mn2+,
and Co2+ do, thus explaining the distinction in proton co-transport requirement between those
metal groups. In the longer term, technological advancements (311) allowing crystal structures of
DraNramp in the presence of a membrane potential could ultimately show us how
transmembrane voltage effects the orientations of charged residues, such as the ones known to be
important for proton transport and voltage-gating.
In the more immediate term, molecular dynamics (MD) simulations using the existing
outward-open metal-bound and occluded-apo states will be invaluable in understanding the
DraNramp conformational change process. In the broader scale, these simulations will reveal
how the crystallographically-observed movements of helices are coupled to each other or to
other essential movements yet to be observed. These results could in turn be tested
experimentally using the types of bulky mutagenesis or single-cysteine modification approaches
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to provide biochemical support. In addition, MD simulations that start in the outward-facing state
and continue through an occluded intermediate to the inward-facing state would begin to test our
hypotheses about the changing nature of the metal-binding site during the transport process.
These results could be corroborated by additional mutagenesis work involving measuring
transport and binding kinetics. In addition, modeling the effects of a membrane potential on the
TM3-TM9 salt-bridge network shown to impart extreme voltage-dependence to DraNramp may
help us understand how these residues allosterically regulate the metal-binding site. Lastly, MD
simulations using relatively new techniques that allow observation of protonation and
deprotonation events will be invaluable in fully understanding the proton transport and pH
stimulation Nramp phenotypes.
Continued structural comparison of DraNramp to several other members of the
structurally-related LeuT-fold family will be insightful in understanding the general principles of
conformational change in this family. Analyses have revealed distinct conformational
rearrangements for different members of this family (247), and Nramp appears to differ from all
other known LeuT-fold proteins in the precise moving pieces it uses to accomplish alternating
access.
Well-understood proton-transport mechanisms are still few and far between in the world
of biochemistry. Insights gleaned from the DraNramp proton pathway could help understand the
phenomena in other transporters with known structures. Especially important could be the
observation that at least two distinct sequential protonation events must occur (at D56 and D131)
for proton transport to occur in DraNramp, which may be important to slowing the rate of proton
movement compared to a single required protonation/deprotonation event. This requirement may
restrain the rate of proton movement to a typical transporter rate, as the lack of a requirement for
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broad structural rearrangements might otherwise facilitate much faster channel-like kinetics. In
addition, my work exposing the distinction between pH-stimulation and a requirement for proton
co-transport should have ramifications for understanding other proposed proton-symporters and
will encourage researchers to definitively show proton co-entry rather than merely assuming it
occurs based on higher observed transport activity of the primary substrate at lower pH.
Regarding my voltage-dependence findings for DraNramp, it is important to note that the
magnitude of the membrane potential varies significantly depending on biological context, from
species to species, cell to cell, and compartment to compartment. Immediate questions that
would be interesting to address in the Nramp field would be to compare the voltage gating
thresholds for different homologs that exist in different contexts—for example human Nramp2
appears to transport Fe2+ at voltage below 0 mV and maximize its transport efficiency around the
physiological -60 to -80 mV expected in mammalian cells, whereas DraNramp does not transport
Fe2+ above -50 mV and does not plateau even at a bacterial physiological membrane potential of
-150 mV (289). The exact composition of the salt-bridge network (E124, D131, E134, R352, and
R353) that imparts extreme voltage dependence to DraNramp varies somewhat by homolog. For
example, in human Nramp2 the two arginines are non-sequential, and instead are separated by a
turn of the helix in TM9 thanks to an insertion of four residues. Human Nramp2 also has an
additional asparate from TM4 that appears capable of participating in this network. In addition,
ScaNramp and EcoNramp also have the TM9 insertion, which for them contains a third arginine
residue, while they also have the TM4 asparate (10). These direct changes to the composition of
the salt-bride network could clearly effect voltage-dependence and proton-coupling behaviors in
different homologs, as even more subtle perturbations such as exchanging one hydrophobic
residue with another in this vicinity have been shown to have profound impact on proton-
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coupling behavior (297), while the insertion of an extra arginine in the vicinity in the G153R
disease-mutant also had major effects on protein behavior (190, 252). Even more strikingly, in
some Nramp clades (especially clade B) many homologs have only one or none of the five
conserved residues (10); functional studies with those homologs could provide immediate value
to understanding the importance of this network to DraNramp and other clade A, clade C, and
eukaryotic Nramps.
Lastly, the ramifications of my findings regarding the mechanistic importance of the
physiological membrane potential have the potential for the greatest across-the-field impact. All
secondary transporters—indeed all membrane proteins—both function and evolve in the context
of a physiological membrane potential. Examples abound of how voltage-gated channels have
evolved to sense changes in this force and respond by opening or closing. It seems obvious that
this ubiquitous force could shape the evolution of transporters as well, but until now such a
striking illustration of the importance of transmembrane voltage has been lacking. Most
immediately, testing the importance of varying the membrane potential on transport activity for a
range of unrelated, well-studied model systems such as LeuT would be invaluable to expanding
the scope of these insights. DraNramp may prove to be a particularly good system for showing
this effect given that its substrates are themselves charged and it has an easily identifiable
network of charged residues to perturb with mutagenesis, but I would predict that this
phenomenon of voltage-dependence or voltage-gating in secondary transporters is not confined
to the Nramp-family. Harnessing the physiological membrane potential in this way provides a
potentially ubiquitous strategy to prevent deleterious back-transport of the intended substrate,
since the correctly oriented protein will always experience a negative-inside membrane potential.
Therefore, the necessary decrease in activity at zero or positive membrane potential should have
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little cost on inward transport under physiological conditions, but will serve to prevent
backwards transport that would necessarily occur in the direction of a positive transmembrane
voltage from the inside to the outside of the cell.
In conclusion this thesis provides to date the most-comprehensive molecular mechanism
for the DraNramp model system and by extension the Nramp-family of transition metal
transporters. The implications of my work could extend far throughout the fields of biochemistry
and physiology and ultimately challenge our current assumptions of the basic principles of
secondary transport.
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