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ABSTRACT: The natural resistance-associated macrophage protein (Nramp) family is functionally conserved
in bacteria and eukarya; Nramp homologues function as proton-dependent membrane transporters of divalent
metals. Sequence analyses indicate that five phylogenetic groups comprise the Nramp family, three bacterial
and two eukaryotic, which are distinct from a more distantly related group of microbial sequences (Nramp
outgroup). The Nramp family and outgroup share many conserved residues, suggesting they derived from
a common ancestor and raising the possibility that the residues invariant in the Nramp family that correspond
to residues which are different but also conserved in the outgroup represent candidate sites of functional
divergence of the Nramp family. Four Nramp family-specific residues were identified within transmembrane
domains 1, 6, and 11, and replaced by the corresponding invariant outgroup residues in theEscherichia
coli Nramp ortholog (the proton-dependent manganese transporter, MntH of group A, EcoliA). The resulting
mutants (Asp34Gly, Asn37Thr, His211Tyr, and Asn401Gly) were tested for both divalent metal uptake and
proton transport; quasi-simultaneous analyses of uptake of metals and protons revealed for the first time
protons and metals cotransport by a bacterial Nramp homologue. Additional mutations were studied for
comparison (Asp34Asn, Asn37Asp and Asn37Val, Asn401Thr, His211Ala, His216Ala, and His216Arg). EcoliA
activity was impaired after each of the Nramp/outgroup substitutions, as well as after more conservative
replacements, showing that the tested sites are all important for metal uptake and metal-dependent H+

transport. It is proposed that co-occurrence of these four Nramp-specific transmembrane residues may
have contributed to the emergence of this family of metal and proton cotransporters.

The Nramp family is required to maintain divalent metal
(Me2+) homeostasis in eukaryotes (1). The murine Nramp1
protein is needed for innate resistance to some intracellular
parasites, including mycobacteria, which reside within a
phagocytic vacuole (2). Mutation of the murineNramp2gene
(also known as divalent metal transporter 1) results in
microcytic anemia (3). Similarly, yeast homologues are also
necessary for metal uptake either directly at the plasma
membrane or by mobilization of metals from endosomes or
the lysosomal vacuole (4). These eukaryotic Nramp proteins
are energized by the proton electrochemical gradient (5, 6)

and were reported to cotransport metal ions and protons
(Me2+ and H+, symport).

Major goals in the study of Nramp permeases include
understanding their function in health and diseases and their
role during infection. Eukaryotic Nramp family members
were likely derived from bacterial precursors thought to have
emerged prior to the separation of Gram-positive and Gram-
negative clusters (7). Bacterial Nramp homologues were
characterized as proton-dependent manganese (and iron)
transporters (8, 9), which are regulated by repressors using
manganese and/or iron as a corepressor (10, 11). The MntH
proteins characterized so far belong to one of three bacterial
phylogenetic groups, MntH A (Supporting Information),
including theEscherichia colihomologue, named herein
EcoliA,1 which constitutes an attractive model for structure-
function studies.

Recognition of the phylogenetic diversity within a protein
family allows identification of site-specific rate shifts
between groups, which may improve functional predictions
and provide a rational approach for identifying key residues
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(12, 13). Bacterial MntH groups (MntH A-C) differ in
sequence (26-29 ( 3% identical) and in site-specific
evolutionary rates, both among sites within one group and
between respective sites of different groups (14). Such
differences likely reflect distinct origins and modes of
evolution, e.g., horizontal versus vertical gene transmission;
hence, it was suggested that the precursor of eukaryotic
Nrampgenes was likely derived from amntH A ancestor,
whereasmntHC homologues could result from the horizontal
transfer of a eukaryoticNrampgene.

Nevertheless, structural and functional similarities among
MntH A-C proteins suggest a common transmembrane
topology, with 11-12 transmembrane domains (depending
on the length of the C-terminus) and the N-terminus that is
cytoplasmic (14, 15). In addition, heterologous expression
of MntH B and C proteins inE. coli resulted in Me2+-
dependent H+ uptake and increased metal sensitivity sug-
gestive of metal intracellular influx. Such functional con-
servation suggests that analyses of site-specific amino acid
replacement rate shifts between groups of MntH homologues
may reveal critical steps in the functional evolution of Nramp
proteins, and contribute to a better understanding of some
mechanisms that are important for metal ion homeostasis in
bacteria and eukaryotes.

To establish the usefulness of this approach, we initially
searched for residues corresponding to Nramp family-specific
rate shifts. Such residues are invariant in the Nramp family,
and thus expected to fulfill key structural or functional roles.
They correspond to residues that are different but also
invariant in a group of distantly related sequences [phylo-
genetic outgroup (Supporting Information)]. Our hypothesis
is that these Nramp site-specific rate shifts identify residues
that are essential to H+-dependent Me2+ transport function.

The Nramp phylogenetic outgroup (Supporting Informa-
tion) contains sequences that encode predicted membrane
proteins that are up to 30% identical over a span of 385
residues with sequences from either the MntH A, B, or C
group. Members of the Nramp outgroup were found in both
archaea (euryarchaeota) and bacteria, including plancto-
mycetes and Gram-negative and Gram-positive bacteria.
These sequences are not highly related to each other
(Supporting Information), consistent with a possible ancestral
origin for the Nramp outgroup (14).

Approximately 30 residues are highly conserved among
more than 145 Nramp homologues, including those from
divergent eukaryotic taxa (e.g., plasmodia). It is generally
accepted that the corresponding sites evolve slowly under
strong purifying selection due to structural and/or functional
constraints. The outgroup sequences share most of these
conserved Nramp residues, supporting the possibility that
the phylogenetic outgroup and the Nramp family were
derived from a common ancestral transporter.

However, among eight residues that are invariant in the
Nramp family, four are identical in the outgroup and four
correspond to different residues, which are also invariant in
the outgroup (Asp, Asn, His, and Asn and Gly, Thr, Tyr,
and Gly, respectively). These evolutionary rate shifts may
correspond to type II functional divergence, implying that
the corresponding residues may play important but different
roles in the Nramp and outgroup families (Supporting
Information and ref13). These four rate-shifted sites are
located within the C-terminal half of transmembrane domains

1, 6, and 11; three of them are predicted to be potentially
exposed to the outward face of the plasma membrane (16).

If the four Nramp-specific residues identified herein
contributed to the functional emergence of the Nramp family,
they should be specifically involved in H+-dependent Me2+

transport. Studies of different transporters revealed that Asp
and His residues can be part of proton cotransport pathways
and participate directly in proton coupling mechanisms (17-
19). It was also reported that conserved transmembrane Asn
residues can influence both channel conductance and cation
transport (20, 21).

Therefore, to determine the functional importance of the
four Nramp-specific residues, we substituted EcoliA residues
Asp34, Asn37, His211, and Asn401 for the corresponding
outgroup residues. The resulting mutant activities were
compared to that of the wild type and confirmed with c-Myc-
tagged proteins for which membrane expression levels were
determined.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis of MntH.Site-directed mu-
tagenesis was carried out using the Quickchange mutagenesis
kit (Stratagene, La Jolla, CA) and the oligonucleotide primers
shown in Table 1. The full-length DNA sequence was
determined for each mutant (CEQ 2000XL, Beckman
Coulter, Mississauga, ON).

Functional Assays of Metal Uptake.The expression of
MntH proteins inE. coli increases the sensitivity of growth

Table 1: Sequences of the Oligonucleotide Primers (mutated codon
in italics)
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to Me2+, measured by disk assay using a metallo-dependent
Ts strain. Overaccumulation of metals is toxic for cells and
can inhibit growth, whereas in some metal-dependent mutant
strain, intracellular accumulation of iron or manganese can
restore growth at restrictive temperature (9). Disk assays were
performed as previously described in DH11SmntHor SL93
mntH strains (16) using two independent clones for each
mutant (except N37V). Briefly, a small volume (10µL) of
metal solution is used to impregnate a 7 mmfilter that is
placed in the center of a plate of medium containing an
amount of inducer for protein expression, and onto which
bacteria are plated. High concentrations of metals are used
to facilitate diffusion around the disk; expression of EcoliA
in the presence of a concentration gradient of a metal
substrate for transport affects bacterial growth, measured after
incubation for 16 h, depending on the metal affinity for
EcoliA, metal cytotoxicity, and EcoliA expression level.
Metal uptake was assessed by inductively coupled plasma
mass spectrometry (ICP-MS) by comparing counts generated
by the sample to those generated by standard solutions of a
known concentration (22).

Western Blot Analyses.Membrane fractions were prepared
with clones expressing EcoliA and each mutant as c-Myc-
tagged proteins (16). The samples were solubilized in 4%
(w/v) SDS, 40% (v/v) glycerol, 0.5 Mâ-mercaptoethanol,
and 40 mM Tris-HCl (pH 7.2) by incubation at either 4 or
37 °C for 30 min; 80µg of membrane extracts was separated
by electrophoresis in 12% polyacrylamide baby gels before
semidry electrotransfer on polyvinylidene fluoride mem-
branes (Bio-Rad, Mississauga, ON) at 70 mA for 1 h.
Membranes were revealed as previously described (16) using
a mouse anti-c-Myc mAb (1/200), a secondary Ab from
rabbit (anti-IgG1-HRP, 1/1250; Perkin-Elmer, Woodbridge,
ON), and the ECL Western blotting reagent (Roche, Laval,
PQ). Protein concentrations were determined using the Non-
Interfering protein assay (Genotech, St. Louis, MO).

Proton Transport Assay.The pH-dependent ratiometric
GFP (pHluorin, pHL;23, 24) was used to follow the MntH-
and Me2+-dependent intracellular accumulation of protons
as previously described (16). Briefly, E. coli DH11SmntH
cells were transformed with pGBM6-pHL and pBAD plas-
mids encoding different MntH mutants. Clones were sub-
cultured at 37°C and 220 rpm in LB broth containing
ampicillin and spectinomycin (100µg/mL each) until an
OD600 of 0.4 was reached, and 0.06%L-arabinose was added
for a further 1 h incubation to allow the expression of MntH
proteins. Cells were then harvested by centrifugation, washed
once in 25 mM citric acid and 50 mM K2HPO4 at pH 5.0 or
4.7 (25), and resuspended in the same buffer at room
temperature and a final OD600 of 0.2. Fluorescence was
measured immediately on a Cary Eclipse fluorescence
spectrophotometer (Varian, Inc.) equipped with a xenon
lamp; The pHL excitation ratioR(410/470) was monitored
for 1000 s (emission detected at 520 nm). The ratio was then
transformed into the intracellular concentration of protons
or the pH value according to the calibration curve obtained
by use of carbonyl cyanide-m-chlorophenylhydrazone (CCCP;
24). Manganese, cadmium, iron, or cobalt was added to the
samples 25 s after the beginning of acquisition. The metal-
dependent proton transport by wild-type MntH was evaluated
in E. coli mntH unccells lacking the F1F0-ATPase as well.
At extracellular pH values ranging from 5.5 to 6.5, an∼30%

increase in the pHL response was observed as compared to
that of E. coli DH11S mntH. However, the pHL response
was not sufficient for measuring the functional differences
between wild-type and mutant transporters at higher extra-
cellular pH values, even inunc mntH E. colicells. The proton
transport assays were therefore performed in whole cells of
E. coli DH11SmntH at an acidic extracellular pH.

Assessment of MntH-Dependent Proton and Metal Cotrans-
port. The MntH-dependent accumulation of Mn or Cd and
protons was observed quasi-simultaneously using spectro-
scopic measurement of intracellular pH changes and ICP-
MS measurement of metal uptake as follows. Twenty
milliliters of a cell suspension (OD600 of 0.2) was prepared
in a citrate-phosphate buffer (pH 4.7, proton transport
assay). The initial intracellular pH and metal content were
measured (0 s), and 100µM metal was then added to the
sample. The pH changes were subsequently monitored for
500 s (Cd) or 1000 s (Mn), and transport was stopped by
addition of a chelator mix (50µM bathophenanthrolinedis-
ulfonic acid and 50µM dipivaloyl-L-tartaric acid) and a rapid
filtration through a membrane filter (Metricel, 0.45µm).
Fifteen milliliters of 5 mM Tris (pH 8.0) containing 0.2 mM
EDTA and 0.1 mM nitrilotriacetic acid was quickly filtered
to wash out extracellular metal traces from the membrane
which was then disposed to dry. The ICP-MS analysis was
performed on the dried membranes wet-ashed with nitric acid
(HNO3) using closed vessel microwave digestion (Covance
Laboratories Inc., Madison, WI). The negative controls
included in these experiments measured the bacterial metal
and proton background levels prior to the addition of metal
(0 s) and the levels of metal and proton uptake by cells that
did not possess EcoliA (vector alone, pBAD) and by EcoliA-
expressing cells that were depleted of energy using CCCP.

RESULTS AND DISCUSSION

The metal and proton transport activity of wild-type and
mutant EcoliA proteins was determined by three independent
methods. Bacterial Me2+ sensitivity due to MntH proteins
that are functionally expressed inE. coli was paralleled by
MntH-dependent and Me2+-induced H+ transport, measured
with a bacterially expressed pH-dependent ratiometric GFP.
However, increased bacterial Me2+ sensitivity to highly toxic
cations (Cd2+ and Co2+) in the absence of detectable proton
transport indicated that periplasmic binding of Cd2+ or Co2+

to truncated MntH proteins could induce bacteriotoxicity
(16). Intracellular Cd2+ or Mn2+ was quantified by ICP-MS,
which combined with the fluorescence proton transport assay
revealed proton and metal cotransport by a bacterial Nramp
homologue.

E. coli MntH A (EcoliA) Asp34. Replacement of this
Nramp-specific acidic residue with the corresponding out-
group residue in the EcoliA protein (D34G mutation)
diminished the MntH-dependent sensitivity of bacterial
growth to Cd2+ and Co2+ and abrogated the sensitivity of
growth to Fe2+ and Mn2+ (Figure 1A); it also reduced the
level of EcoliA-dependent Me2+-induced H+ transport to
background levels (Figure 1B, compare with vector alone).
The epitope-tagged EcoliA protein D34G-L412-c-Myc was
detected in membrane preparations at levels similar to that
of wild-type EcoliA-L412-c-Myc (Figure 2A); it also con-
ferred minimal bacterial sensitivity of growth to Me2+ and
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was not associated with significant H+ transport under the
conditions that were tested (Supporting Information). To
determine whether the residual sensitivity of bacterial growth
to Cd2+ corresponded to Me2+ influx in the absence of H+

transport by the mutant protein D34G, ICP-MS and fluo-
rescence measurements were performed quasi-simulta-
neously; neither Me2+ nor H+ transport was detected
compared to the experimental controls (Figure 3A,B). The
results demonstrate that the EcoliA D34G mutation prevents
both Me2+ and H+ transport.

To evaluate whether Asp34 was involved in the sensitivity
of growth to Cd2+ that was conferred by membrane expres-
sion of an EcoliA fusion construct (L324-Cat) in the absence
of Cd2+-dependent H+ uptake (16), the mutant EcoliA D34G
L324-Cat was constructed. Expression of this construct
conferred chloramphenicol resistance as expected, indicating
that the D34G mutation did not alter EcoliA transmembrane
topology, but also sensitivity of bacterial growth to Cd2+

similar to that of the wild-type fusion. The results suggest
that EcoliA residue Asp34 is not merely a Cd2+ binding site
but likely participates in the Me2+ uptake process (and
possibly proton binding).

Since the different biochemical properties of Asp and Gly
residues could explain the D34G mutant phenotype, a more
conservative change was performed (D34N) to determine
whether it would preserve MntH function. The double mutant
D34N-L412-c-Myc was expressed in a manner similar to

that of the wild-type protein (Figure 2A); it conferred some
bacterial sensitivity to Cd2+ and did not facilitate any Me2+-
dependent H+ uptake (Supporting Information). Consistently,
the simple mutant D34N exhibited transport properties most
similar to those of the D34G mutant (Figure 1). Minimal
bacterial metal sensitivity was also observed after expression
of the mutants D34E and D34E-EcoliA-c-Myc, despite
normal membrane protein expression levels (data not shown).
Therefore, the effects of the D34G mutation are due to the
requirement of an Asp residue at this position.

An Nramp2 mutant resembling EcoliA D34G (Nramp2
D86A) was previously shown to be well expressed at the
plasma membrane of eukaryotic cells and not to mediate
Me2+ uptake (26). Such similar effects obtained by replacing
the homologous Asp residues in MntH and Nramp proteins
with Gly or Ala residues imply that this Nramp-specific Asp
residue is mandatory for transport activity. However, it is

FIGURE 1: Functional characterization of EcoliA mutants. A disk assay of the MntH-dependent sensitivity of bacterial growth to divalent
metals (Mn, Cd, Co, and Fe) was carried out for every mutant and wild-type EcoliA; values obtained with the vector alone were subtracted
(A). Fluorescence assay of MntH-dependent H+ uptake at pH 4.7 in response to divalent metals. Values obtained with the vector alone
show the proton entry in bacteria devoid of EcoliA (B).

FIGURE 2: Western blot analysis of c-Myc-tagged wild-type EcoliA
and mutant proteins. Membrane extracts were incubated for 30 min
in solubilization buffer prior to loading on a 12% polyacrylamide
gel either at 37°C (A) [lane 1, EcoliA; lane 2, pBAD (vector alone);
lane 3, D34G; lane 4, D34N; and lane 5, N401G] or at 4°C (B)
[lane 1, D34N; lane 2, pBAD (vector alone); lane 3, N37T; lane 4,
N37V; lane 5, N37D; lane 6, H211A; lane 7, H211Y; lane 8,
H216A; and lane 9, N401T].

FIGURE 3: Cotransport of divalent metals and protons by EcoliA
is impaired by exchanging a Nramp-specific residue with the
corresponding outgroup residue. Quasi-simultaneous assessment of
the intracellular accumulation of H+ and Cd2+ (A) or Mn2+ (B) by
fluorescence proton transport assay and ICP-MS, respectively, as
described in Experimental Procedures.

MntH Key Residues for Metal and Proton Cotransport Biochemistry, Vol. 44, No. 2, 2005729



dispensable for insertion of the protein in the membrane.
Abrogation of transport activity despite normal protein
expression has previously been observed after replacement
of conserved transmembrane Asp residues (27). These data
are consistent with the hypothesis that a Gly to Asp mutation
could have contributed to the functional divergence of the
ancestor of the Nramp family.

EcoliA Asn37. The second exchange of Nramp for an
outgroup residue (N37T) preserved the close to wild-type
EcoliA-dependent sensitivity of bacterial growth to Fe2+,
Co2+, and Cd2+ but not to Mn2+ (Figure 1A). This mutation
also strongly limited Me2+-induced H+ transport, which was
detected in the presence of high concentrations of Cd2+ only
(Figures 1B and 4B); neither H+ nor Mn2+ or Cd2+ uptake
was detected in quasi-simultaneous measurements using 100
µM metal (Figure 3A,B). Both the absence of Mn2+-induced
growth inhibition (Figure 1A) and the requirement for a Cd2+

concentration above 200µM to observe H+ transport via
EcoliA N37T (Figure 4B) suggested this mutant protein may
have a lower affinity for Cd2+ and Mn2+.

Alternatively, this mutant protein may not be sufficiently
well-expressed in the membrane to appear to be active in
cation transport assays unless a large Cd2+ dose was used.
The amount of N37T-L412-c-Myc protein in membrane
extracts was notably reduced compared to the amount of
EcoliA L412-c-Myc and corresponded to bands of altered
mobility (Figure 2B); it was also sensitive to the temperature
used to solubilize membrane extracts (Supporting Informa-
tion). In a manner similar to that of N37T, expression of the
N37T-L412-c-Myc protein conferred substantial sensitivity
of growth to Fe2+, Co2+, and Cd2+, but not to Mn2+, and did
not induce detectable H+ uptake under the conditions that
were tested (Supporting Information). These data therefore
suggest that the N37T mutation results in both a low level

of stable protein expression in the membrane and a reduced
affinity for Cd2+ and Mn2+.

Interestingly, the N37T mutant lacked both Mn2+ uptake
and Mn2+-dependent H+ transport, while another mutant
obtained serendipitously (N37V) lost in addition Cd2+-
dependent H+ transport and exhibited a reduced sensitivity
of growth to Cd2+ compared to the N37T mutant (Figure
1). However, EcoliA N37V-L412-c-Myc protein levels were
similar to that of the N37T-L412-c-Myc mutant (Figure 2)
and less sensitive to the temperature used for solubilization
(Supporting Information). Since N37V-L412-c-Myc abro-
gated the sensitivity of growth to Fe2+ compared to N37T-
L412-c-Myc (Supporting Information), it can be concluded
that the N37V mutation affected more negatively EcoliA
transport activity than its expression level. The N37V
mutation seems to be less conservative than the N37T
mutation since replacing a hydroxyl with a methyl group
renders this site apolar. The data thus suggest that EcoliA
Asn37 is important for Me2+-induced H+ transport.

To determine whether a more conservative mutation at
position 37 would preserve EcoliA function, we also studied
the N37D mutant. Sensitivity to Fe2+ was lost, whereas
sensitivity to Cd2+ and Co2+ remained similar to that of the
N37V mutant (Figure 1A). Similar levels of sensitivity to
Cd2+ were also detected for both N37D-L412-c-Myc and
N37V-L412-c-Myc, whereas the former conferred higher
sensitivity to Co2+ (Supporting Information) and was detected
at higher levels in membrane preparations (Figure 2). No
Me2+-dependent H+ uptake was detected after expression of
N37D-L412-c-Myc (Supporting Information) or N37D (Fig-
ure 1B).

On the basis of the sensitivity of growth to Cd2+ and Cd2+-
induced H+ proton uptake, EcoliA activity was better
preserved by introducing the outgroup residue in place of
Asn37 (N37T vs N37D and -V, Figures 1 and 4B). In
addition, the conservative N37Q mutation did not restore
levels of bacterial metal sensitivity better than the N37T
mutation, despite improved membrane protein expression
levels detected with N37T-EcoliA-c-Myc (data not shown).
This Nramp-specific Asn residue is thus also required for
the functional expression of MntH. A dual role in activity
and structural integrity was previously reported for the strictly
conserved Asn residue in the globular proteins cysteine
proteases (28). It is thus reasonable to conclude that EcoliA
Asn37 is required for both stable membrane insertion and
Me2+-dependent H+ transport activity.

A mutation corresponding to N37R is present in the
N-terminal moiety of plant Ein2 proteins, which are weakly
related to Nramp proteins and lack metal transport activity
(29). The transport defects resulting from the mutagenesis
of EcoliA Asn37 imply that exchange for a positively charged
residue should also impair transport. The presence of an Arg
residue in place of the Nramp-specific Asn may be function-
ally significant for Ein2 proteins.

EcoliA Asn401. Finding an Nramp-specific residue close
to the periplasmic C-terminus of EcoliA, a region otherwise
not conserved in the Nramp family, suggested a possible
functional role. Moreover, MntH activity is affected when
this region is mutated (16). Hence, the levels of Me2+-
induced H+ uptake measured for L412-c-Myc-tagged EcoliA
proteins differed from those of the corresponding proteins

FIGURE 4: Replacement of Nramp-specific residues impairs EcoliA-
dependent H+ uptake. Fluorescence assay of the intracellular pH
in E. coli cells expressing or not expressing wild-type EcoliA and
different mutants (A). Cd2+ dose-dependent H+ uptake mediated
by wild-type EcoliA and selected mutants (B). The difference in
intracellular pH due to expression of the N401G and -T mutants is
highly significant (p < 0.00001, in paired Student’st tests).
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devoid of the C-terminal tag (Figure 1B and Supporting
Information).

The metal transport activity of the N401G mutant re-
sembled that of wild-type EcoliA, including suppression of
the hflB1 Ts growth defect, but with some variations such
as increased sensitivity of bacterial growth to Mn2+ (Figure
1A). Me2+-dependent H+ transport was more affected, with
a strong increase in Cd2+-dependent but a decrease in Mn2+-,
Fe2+-, and Co2+-dependent H+ uptake rates (Figures 1B and
3A,B). This selective inhibition in Me2+-dependent H+

uptake was less pronounced when an external pH of 5 was
used (Supporting Information). The increase in the rate of
Cd2+-dependent H+ uptake was paralleled by an increased
rate of Cd2+ uptake (Figure 3A), indicating that both cation
transport capacities are enhanced in the EcoliA N401G
mutant. Under identical conditions, the rate of Mn2+ uptake
appeared to be significantly decreased and H+ uptake
completely inhibited, suggesting that Mn2+ accumulation
might be possible in the absence of H+ cotransport (Figure
3B). These results implied that the EcoliA N401G mutation
alters both H+ uptake and protein Me2+ interactions; this was
confirmed by further observations.

First, as opposed to the mutants created at other positions,
expression of the EcoliA N401G mutant protein diminished
the intracellular pH of bacteria growing in rich broth (Figure
4A), suggesting that either metals in the culture medium
might induce MntH-dependent H+ uptake or H+ entry might
be independent of metals. Second, the comparison of H+

uptake in response to the Cd2+ dose showed important
differences between wild-type EcoliA and the mutant N401G,
in their apparent affinity for Cd2+ and the resulting H+ entry
(Figure 4B). Last, the double mutant N401G-L412-c-Myc
was expressed at levels similar to that of EcoliA-c-Myc
(Figure 2A); it conferred a slightly decreased and increased
sensitivity to Mn2+ and Fe2+, respectively, and significantly
lower levels of Me2+-dependent H+ uptake except in the
presence of 1 mM Cd2+ (Supporting Information). These
results thus indicate that replacing the Nramp invariant
residue Asn401 with the corresponding outgroup residue
affects primarily EcoliA Me2+-dependent H+ uptake.

To establish that the properties of the N401G mutant
revealed some functional constraints exerted on Asn401 versus
differences in the properties of Asn and Gly side chains,
another mutation was studied. N401T is a more conservative
mutation than N401G, introducing an alcohol side chain with
a polar and acid character, and of intermediate size, which
should thus better preserve MntH activity, except in a case
in which Asn401 was required for transport.

The expression of EcoliA mutant N401T resulted in
sensitivity of growth to metals that was similar to wild-type
EcoliA activity (Figure 1A), including suppression of the
hflB1 Ts growth defect, and in Me2+-dependent H+ uptake
resembling that measured for the N401G mutant at pH 4.7
(Figure 1B) and pH 5 (Supporting Information). These results
were confirmed by quasi-simultaneous measurements of Cd2+

and H+ uptake (data not shown) and by measuring the
intracellular pH resulting from the expression of N401T in
growing cells and after addition of various amounts of Cd2+

(Figure 4A,B); the data obtained were very similar for
N401G and N401T. However, N401T-L412-c-Myc was
significantly less stable than N401G-L412-c-Myc (Figure 2B
and Supporting Information); it conferred a sensitivity of

growth to metals similar to that of N401G-L412-c-Myc but
significantly more variable Me2+-dependent H+ uptake
(Supporting Information).

Together, the data demonstrate that substituting EcoliA
Asn401 with Thr or Gly has a similar impact on cation
transport, which implies that Asn401, or an amide group, is
required for EcoliA function. The N401Q mutant induced
bacterial metal sensitivity levels similar to that of wild-type
EcoliA, but the double mutant N401Q-L412-c-Myc, which
was expressed well in the membrane, did not confer Mn
sensitivity anymore and suppressed thehflB1 Ts defect less
efficiently than the N401G and -T mutants (data not shown).
The data suggest that Asn401 is strictly required for proper
EcoliA-dependent transport. The different outcome of Asn
to Thr or Gln mutations at EcoliA positions 37 and 401
demonstrates unique functional constraints exerted at these
sites.

One possibility for explaining the clear phenotypes
observed after substituting EcoliA residues Asp34, Asn37, and
Asn401 is their exofacial location, suggesting possible direct
contacts with the substrates, which might affect the rate of
transport. Since more conservative mutations at these sites
did not preserve EcoliA function, the phenotypes observed
as a result of the substitutions of EcoliA residues Asp34,
Asn37, and Asn401 for the corresponding outgroup residues
indicate that the targeted Nramp-specific residues are required
for metal and proton cotransport.

EcoliA His211. The fourth predicted site of type II
functional divergence differs from the others since it is
located within the predicted C-terminal half of transmem-
brane domain 6, closer to the cytoplasmic face of the
membrane, and its replacement with the corresponding
outgroup residue seems to be rather conservative in terms
of size and hydrophobicity [H211Y, LRT values of 1.40-
1.76 (Supporting Information)]. However, this mutation
should affect a protein active site because Tyr exposes an
acidic proton and His has a basic amino group.

Compared to the EcoliA control, the H211Y mutant
conferred a notably reduced sensitivity of growth to all metals
that were tested, including Mn2+, while H+ uptake was
detected exclusively in the presence of Cd2+ and was
seemingly unaltered (Figure 1A,B). This was confirmed by
detection of cotransport of Cd2+ and H+, albeit at a level
reduced compared to that of wild-type EcoliA (Figure 3A),
whereas no transport at all was detected with Mn2+ (Figure
3B). In addition, Cd2+ dose-dependent H+ uptake mediated
by H211Y indicated a reduction of the apparent affinity for
this metal ion compared to wild-type EcoliA (Figure 4B). A
general decrease in metal sensitivity could explain the weak
effect of the expression of EcoliA H211Y on bacterial growth
in the presence of metals (Figure 1A). However, substantial
expression level and a relative protein stability similar to
that observed with N37D-L412-c-Myc were detected with
H211Y-L412-c-Myc (Figure 2B and the Supporting Infor-
mation); this double mutant also conferred little sensitivity
of bacterial growth to metals and metal-dependent H+ uptake
activity (Supporting Information). Thus, though it does not
abrogate MntH activity, the H211Y mutation affects signifi-
cantly EcoliA structure and is not functionally conservative.
This suggests that the basic amino group of His211 may be
required for EcoliA function or that the phenotype resulting
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from the mutation H211Y could be due to antagonistic acid-
base properties of His and Tyr residues.

To address this issue, another nonconservative but more
neutral mutation was performed (H211A). This mutation
preserved bacterial sensitivity to all the metals that were
tested, albeit at levels inferior to that of wild-type EcoliA
(Figure 1A), and facilitated H+ uptake in the presence of
Cd2+, Fe2+, and Mn2+ at pH 4.7 (Figure 1B) and of Cd2+ at
pH 5 (Supporting Information). EcoliA transport properties
were thus better preserved in the H211A mutant than in the
H211Y mutant, as confirmed by measuring the rate of Cd2+

dose-dependent H+ uptake (Figure 4B). In addition, H211A-
L412-c-Myc protein levels in membrane preparations indi-
cated moderate alterations that resembled those observed with
the N401T-L412-c-Myc mutant (Figure 2B). Nevertheless,
the expression of H211A-L412-c-Myc was superior to that
of H211Y-L412-c-Myc in mediating metal-dependent H+

uptake (Supporting Information). In contrast, H211R-L412-
c-Myc did not induce metal sensitivity above negative
controls, suggesting impaired expression (data not shown).
The results indicate thus that changing the outgroup Tyr
residue for the Nramp-specific His likely implied some
divergence in transport function.

Two other mutants were studied for comparison (H216A
and H216R) since the homologous mutations in Nramp2
impaired the uptake of Fe2+ and Co2+, and metal uptake was
partly restored at an acidic external pH with the Ala mutant
only (26). Consistently, higher levels of both intracellular
metal accumulation and H+ uptake were preserved with the
EcoliA H216A mutant compared to H216R. Indeed, only
bacteria expressing the H216R, D34G or -N, and N37V or
-D mutants, and those devoid of the EcoliA protein, did not
exhibit upregulation of Me2+-dependent H+ uptake when
measured at pH 4.7 versus pH 5.0 (Figure 1B and the
Supporting Information), indicating that these mutations
affect the H+ transport pathway.

Despite possibly lower membrane protein levels, H211A-
L412-c-Myc mediated higher rates of Cd2+-dependent H+

uptake compared to H216A-L412-c-Myc, whereas both
conferred similar levels of sensitivity of bacterial growth to
metals (Supporting Information). Comparison of the transport
properties of the corresponding single mutants demonstrated
that H211A was more active than H216A (Figure 1).
Consistent differences were observed with the Nramp2
protein after replacement of the corresponding His residues
with Ala (26). The relatively well-preserved activity of
EcoliA H211A thus suggests that the H211Y substitution
impaired MntH transport due to the different acid-base
properties of His and Tyr residues. The data thus support
the proposition that exchange of the outgroup residue for
the corresponding Nramp-specific residue could have con-
tributed to the functional divergence of the Nramp family.

In conclusion, the four rate-shifted sites that were predicted
to have contributed to the functional divergence of the Nramp
family are important for EcoliA transport activity. This
functional evolutionary approach identified separate residues
with key roles in metal and proton transport.

Each of the four replacements of Nramp-specific residues
with the corresponding outgroup residues resulted in mutant
EcoliA proteins that were expressed in the plasma membrane,
albeit at different levels, some showing shifted electrophoretic
mobility and/or stability and different levels of functional

activity. In one instance, H211Y, the outgroup residue
impaired specifically the transport activity. The data support
the notion that outgroup and MntH proteins share similar
transmembrane features and can accommodate each other’s
residues.

Quasi-simultaneous measurements of the rates of Me2+

and H+ uptake indicate that MntH proteins cotransport these
cations (symport). The relative functional impairment of the
D34G and N401G mutants on one hand, and the N37T and
N401T mutants on the other hand, revealed that EcoliA Asp34

is strictly required for Me2+ and H+ cotransport and that
Asn401 is required for proper Me2+-dependent H+ transport.
Detailed kinetic studies of the more conservative changes
(D34E and N401Q) will likely reveal insight into the
mechanism of transport via MntH.

This study reveals both structural and functional roles for
EcoliA Asn37 and His211 residues, and suggests possible
interactions with metal ions consistent with a direct role in
cation permeation pathway. The data also demonstrate a role
in proton transport for the residues located within trans-
membrane domains 1 and 6 (Asp34 and His211 and His216,
respectively), which were previously shown to affect Nramp2
metal or cation transport (26, 30). EcoliA Asn401 mutant data,
and previously published data obtained with C-terminally
truncated and tagged EcoliA proteins (16), indicate that
transmembrane domain 11 is important for Me2+-dependent
H+ transport.

The functional significance of the four Nramp invariant
residues suggests that they represent sites of type II functional
divergence, which may have co-evolved in relation to the
emergence of the Nramp family. This study shows the
usefulness of evolutionary rate shift analyses via application
of a transmembrane protein similarity matrix (31) to the study
of transmembrane residues likely involved in transport
function by site-directed mutagenesis. This evolutionary-
based approach will be useful in evaluating the significance
of sequence diversity in the Nramp family, including laterally
transferredmntH C genes, as well as in other conserved
families of membrane transporters.
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SUPPORTING INFORMATION AVAILABLE

Phylogenetic groups of the Nramp family, defining Nramp
function using rate shift analysis, functional characterization
of C-terminally c-Myc tagged EcoliA wild-type and mutant
proteins, temperature sensitivity of c-Myc-tagged EcoliA
mutant proteins revealed by Western blot analysis, and
fluorescence assay of MntH-dependent proton uptake at pH
5 in response to divalent metals. This material is available
free of charge via the Internet at http://pubs.acs.org.
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