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Abstract. A bioinformatic approach was used for the
identification of residues that are conserved within
the Nramp family of metal transporters. Site-directed
mutagenesis was then carried out to change six con-
served acidic residues (i.e., Asp-34, Glu-102, Asp-109,
Glu-112, Glu-154, and Asp-238) in the E. coli Nramp
homolog mntH. Of these six, five of them, Asp-34,
Glu-102, Asp-109, Glu-112, and Asp-238 appear to
be important for function since conservative substi-
tutions at these sites result in a substantial loss of
transport function. In addition, all of the residues
within the signature sequence of the Nramp family,
DPGN, were also mutated in this study. Each residue
was changed to several different side chains, and of
ten site-directed mutations made in this motif, only
P35G showed any measurable level of **Mn’>" up-
take with a V.« value of approximately 10% of wild-
type and a slightly elevated K, value. Overall, the
data are consistent with a model where helix breakers
in the conserved DPGN motif in TMS-1 provide a
binding pocket in which Asp-34, Asn-37, Asp-109,
Glu-112 (and possibly other residues) are involved in
the coordination of Mn?". Other residues such as
Glu-102 and Asp238 may play a role in the release of
Mn>* to the cytoplasm or may be involved in
maintaining secondary structure.

Key words: Symporter — Nramp — Manganese
transport

Introduction

Iron and manganese are essential metals that are

necessary as redox-active cofactors for a variety of
enzymes and protein complexes including cyto-
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chromes, oxygen-binding proteins, free-radical
detoxifying enzymes, and the photosynthetic water-
oxidizing complex, to mention a few (Crowley,
Traynor & Weatherburn, 2000). The ability to readily
accept and donate electrons makes Fe?" /Fe’" and
Mn®>"/Mn*" critical components for a variety of
biochemical reactions. Unfortunately, this same
chemistry accounts for the potential toxicity of cer-
tain transition metals. For example, free iron cata-
lyzes the Fenton reaction in which H,O5 is converted
to the OH free radical. Such free radicals may attack
proteins and DNA thereby causing cellular damage.
For this reason, nearly all of the iron in cells, as well
as all extracellular iron in multicellular organisms, is
tightly bound to proteins, or within iron-sequestering
complexes such as ferritin (Andrews, Robinson &
Rodriguez-Quinones, 2003).

Among prokaryotes, fungi, plants, and animals,
metal ions such as iron and manganese are trans-
ported into cells by a wide variety of mechanisms. In
the case of iron, some of these transporters recognize
the chelated form of the metal. For example, many
species of bacteria secrete siderophores that chelate
iron, which is then transported into the cell via a
specific siderophore-mediated uptake system (see
Braun & Braun, 2002; Winkelmann, 2002; Andrews
et al., 2003 for recent reviews). Alternatively, some
transporters recognize the free form of iron or man-
ganese. These proteins typically transport the reduced
form (i.e., Fe*" and Mn®") of the metal. Within the
last decade, such transporters have been found to
play a key role in the uptake of dietary iron in
mammals and fungi, and in the uptake of manganese
in prokaryotes. In particular, the natural resistance-
associated macrophage (Nramp) family was discov-
ered to couple the transport of divalent metal cations
with hydrogen ions (Fleming et al., 1997; Gunshin et
al., 1997). Nrampl and Nramp?2 were first identified
in mice, and it was predicted that both were mem-
brane proteins because of the presence of a highly
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conserved hydrophobic core and helical periodicity of
sequence conservation (Gruenheid et al., 1995).
Nramp2 was determined to have broad substrate
specificity (Fe’", Mn>*, Co*", Cu®*, Ni**, Pb* ",
and Zn? ") and transport is proton-coupled (Gunshin
et al., 1997).

With the burgeoning number of genome se-
quences that have become available in recent years,
sequence alignments have revealed a high level of
sequence conservation among Nramp homologs from
a wide variety of different species. For example, at the
amino-acid level, mammalian Nramp homologs ex-
hibit sequence conservation with E. coli (39%),
Saccharomyces cerevisiae (41%), Arabidopsis thaliana
(60%), Caenorhabditis elegans (67%), and Drosophila
melanogaster (70%) (Pinner et al., 1997). Several
complementation studies between Nramps of differ-
ent species have demonstrated that within the Nramp
family, structural similarity is paralleled by functional
conservation (Pinner et al., 1997, D’Souza et al.,
1999; Curie et al., 2000; Thomine et al., 2000).

Recently, the bacterial Nramp homologs from
E. coli and Salmonella typhimurium have been char-
acterized and shown to have a broad specificity,
recognizing several transition metals, but with a
noticeably higher affinity for divalent manganese
(Kehres et al., 2000; Makui et al., 2000). The Nramp
homolog in these two bacterial species has been
named mntH, since its physiological role is postulated
to be the uptake of manganese rather than iron
(Kehres et al., 2000; Makui et al., 2000).

Recent phylogenetic studies identified 3 groups of
bacterial Nramp homologs (A, B, and C) with A and
B bearing the most resemblance to each other and
group C being more similar to eukaryotic Nramp
genes (Cellier et al.,, 2001; Richer et al., 2003).
Expression of group B and C genes in E. coli (which
belongs to group A) showed conservation of divalent
metal ion uptake (Richer et al., 2003). Group A and
group B genes may have been transferred to the
eukaryotic genome by mitochondria, which then
evolved into the eukaryotic Nramp group. By com-
parison, it has been speculated that members of
group C have a higher likelihood than A or B to have
been living in close contact with primitive eukaryotic
cells from which they acquired an intronless proto-
type Nramp gene (Richer et al., 2003). Capture of an
Nramp-derived protein by an opportunistic bacte-
rium could be advantageous in resisting host Nramp-
mediated defenses.

Though members of the Nramp family play a key
role in the dietary uptake of iron in mammals, plants,
and fungi, and in the uptake of manganese in bacte-
ria, little is known regarding their structure/function
relationships. Naturally occurring mutations in mice
and rats (G185R) are known to inhibit function and
thereby lead to defects in the dietary absorption of
iron and the ability to resist infection by various

bacterial pathogens (Fleming et al., 1997; Su et al.,
1998). More recently, a mutagenesis study of mouse
Nramp?2 suggested that three negatively charged res-
idues are essential for transport, and two histidine
residues may play a role in the pH regulation of
transport activity (Lam-Yuk-Tseung et al., 2003).
Another mutagenesis study highlighted the potential
importance for metal binding and specificity of sev-
eral residues within the first predicted extracellular
loop of rat Nramp2 (Cohen, Nevo & Nelson, 2003).
In addition, attempts to understand structure/func-
tion relationships have involved the approach of site-
directed spin labeling in Mycobacterium Nramp
(Reeve et al., 2002).

Due to the high degree of sequence conservation
among Nramp homologs and the ease of working
with bacteria, we have chosen the bacterial homolog
(mntH) from E. coli to investigate structure/function
relationships and the potential importance of the
conserved acidic residues in the Nramp family. In the
current study, we have systematically altered six
conserved acidic residues (D34, E102, D109, E112,
E154, and D238). The results indicate that five of
these residues are important for function. Two of
them, D34 and E102, which are predicted to be on
transmembrane segments, appear to be essential for
transport function since conservative substitutions
result in a complete loss of activity.

Materials and Methods

REAGENTS

MnCl, and MES (2-N-morpholino ethane sulfonic acid) were
purchased from Sigma (St. Louis, MO). **Mn was purchased from
Perkin Elmer (Boston, MA). Restriction enzymes and DNA ligase
were purchased from New England Biolabs (Beverly, MA). The
QuikChange kit was purchased from Stratagene (La Jolla, CA). All
remaining reagents were of analytical grade.

BACTERIAL STRAINS AND METHODS

The relevant genotypes of the bacterial strains and mutant plasmids
are described in Table 1. Plasmid DNA was purified using the
Eppendorf Plasmid Mini DNA Kit (Westbury, NY). Restriction
digests and ligations were performed according to the manufac-
turers’ recommendations. Cell cultures were grown in YT media
(Kraft et al., 1998) supplemented with chloramphenicol (30 pg/mL).

PrLasmMIiD CONSTRUCTIONS

The plasmid, pSU2718, was constructed using methods described by
Martinez and colleagues (Martinez, Bartolome & de la Cruz, 1988).
A unique BspHI site was created upstream of the ATG start codon
in the MCS by amplifying the region between the Banll and Ball
sites. The 1.3 kb PCR reaction product was ligated into T-vector
(Promega, Madison, WI), transformed into E. coli IM110 (Yanisch-
Perron, Vieira & Messing, 1985), and the plasmid DNA was isolated
and digested with Banll and Bal/l. The 1.3 kb fragment was purified
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Table 1. Bacterial strains and plasmids

Relevant characteristics Reference
Strain
MM2115 Strain MM 1925 (E. coli K12 wild-type Kehres et al., 2000
F~/lambda™/IN (rruD-rrnE) with a
kan® insertion into the mntH gene
IM110 rpsL (Str") thr leu thi-1 lacY galK galT Yanisch-Perron et al., 1985
ara tonA tsx dam dem supE44 D(lac-proAB)
[F’ traD36 proAB lacl’ ZDM15]
Plasmids
pSU2718 Hybrid pACYC184/pUCI18 cloning vector with a Martinez et al., 1988
chloramphenicol resistance marker and /ac promoter
pDGK?201 Plasmid pBluescript-II SK+ containing the E. coli mntH gene. Kehres et al., 2000
pMntH pSU2718, with the wild-type mntH gene under the control This study
of the lac promoter
p6HMntH Same as pMntH except a 6-Histidine tag is located at the amino This study
terminus of MntH
Mutation® Codon change Protein Expression (% 6Hwild-type)®
D34E GAT to GAG 594 £ 16
D34N GAT to AAC 132.4 + 40
P35G CCC to GGC 61.0 + 18
P35N CCC to AAC 111.8 + 19
P35Q CCC to CAG 1289 + 24
G36A GGT to GCG 141.0 + 22
G36P GGT to CCT 110.3 + 12
N37D AAC to GAT 114.6 + 18
N37Q AAC to CAG 122.0 + 86
N37S AAC to TCC 131.2 + 24
E102Q GAA to CAG 76.2 + 11
E102D GAA to GAC 42,5 + 13
DI09E GAC to GAG 107.3 + 10
DI109N GAC to AAT 733 £ 13
E112D GAA to GAC 75.6 £ 23
E112Q GAA to CAG 91.3 + 34
GII5A GGT to GCC 91.0 = 16
G115P GGT to CCT 773 + 16
E154D GAG to GAC 142.1 + 14
E154Q GAG to CAA 95.1 + 20
D238E GAT to GAG 117.5 + 20
D238N GAT to AAC 107.6 + 34

“The designated mutations were made using plasmid p6HMntH as the starting material.
PExpression levels were measured in strain MM2115 containing the plasmid with the wild-type 6 HmntH gene or a 6 HmntH gene with the

designated mutation as described under Materials and Methods.

from a 0.7% agarose gel. The pSU2718 plasmid without the BspHI
site was digested with Banll and Ball and the 1 kb fragment was
purified from an agarose gel. The 1.3 kb fragment containing the
newly created BspHI site and the 1 kb vector DNA were ligated to
create pSU2718 with a unique BspHI site in the MCS.

The mntH gene was amplified from pDGK?201 (Kehres et al.,
2000), kindly provided by Dr. Michael Maguire, Case Western Re-
serve University, using primers that created a unique BspHI site up-
stream of the ATG codon and a Hindlll site immediately after the
stop codon. The PCR product and pSU2718 were digested with
BspHI and Hindlll and ligated together. The resulting plasmid
pMntH contains the mntH gene under the control of the /ac promoter.

To create a 6-Histidine-tagged MntH, the mntH gene, was
amplified from pDGK201 using primers to create a BamHI site
prior to the start codon of mntH and to add a Hindlll site just
after the stop codon of mmntH. The 1240 bp PCR product was

ligated to T-vector (Promega), transformed into JM110, and the
plasmid DNA was isolated and digested with BamHI and
Hindlll. The vector pQE30 (Qiagen, Valencia, CA), which
contains a strong promoter and a 6-Histidine tag, was digested
with BamHI and Hindlll. The vector DNA and the 1.2 kb
mntH fragment were ligated together to create pQE30MntH,
which encodes an N-terminal 6-Histidine-tagged MntH
(6HMntH).

The 6 HmntH gene fragment of pQE30MntH was amplified
using a forward primer to create a unique BspHI site upstream
from the start codon of 6 HmntH and a reverse primer that over-
lapped a Hindlll site downstream from the stop codon. The PCR
product and pSU2718 were digested with BspHI and HindIII and
ligated. The resulting plasmid, peHMntH, contains the gene for an
N-terminal 6-Histidine-tagged MntH under the regulation of the
lac promoter.
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SITE-DIRECTED MUTAGENESIS

Mutants were made using the strategies outlined in the Quik-
Change mutagenesis kit. The entire mntH coding region was se-
quenced to confirm each mutation.

Mn?* TRANSPORT ASSAYS

Cells were grown at 37°C with shaking to mid-log phase in YT
media supplemented with 15 pg/mL chloramphenicol and 0.25 mM
isopropyl 1-thio-B-p-galactopyranoside. The cells were pelleted by
centrifugation at 5000 x g for 5 min, and the resulting pellet was
washed in 50 mm MES buffer, pH 6.0 and then resuspended in the
same buffer at a concentration of approximately 0.5 mg of protein/
mL. The cells were then diluted 100-fold in the same buffer and
equilibrated at 37°C for 5-10 min before [**Mn]-MnCl, (5 uCi/mL)
was added. Aliquots of 200 pL were removed at appropriate time
points, and the cells were captured on 0.45 pum Metricel membranes
(Gelman Sciences, Ann Arbor, MI). The cells were then washed
with 5-10 mL of ice-cold 50 mm MES buffer by rapid filtration.
The filter with the cells was then placed in liquid scintillation fluid
and counted using a Beckman LS1801 liquid scintillation counter.
Channels 401-945 were used to detect photons derived from y-
radiation of **Mn>".

As a negative control, the strain MM2115/pSU2718, which
lacks a functional mntH gene, was also subjected to Mn>" trans-
port assays (Martinez et al., 1988; Kehres et al., 2000). The back-
ground values from the MM2115/pSU2718 strain were subtracted
from the values obtained from the strains carrying the wild-type or
mutant 6 HmntH genes.

MEMBRANE ISOLATION AND WESTERN BLOT ANALYSIS

Ten milliliters of mid-log cells grown as for transport assays were
harvested by centrifugation (5000 x g, 10 min). The pellet was
resuspended in a cell lysis buffer (50 mm TES, pH 8.0, 100 mm
NaCl, 5 mm B-mercaptoethanol, 0.1 mg/mL TPCK, 0.7 p/mL
Pepstatin, and 25 pg/mL PMSF) and quickly frozen in liquid
nitrogen and thawed three times. The cell suspension was then
sonicated three times for 20 s each. The membrane fraction was
harvested by ultracentrifugation (180,000 x g, 45 min) and the
pellet was resuspended in 200 pL of extraction buffer (50 mm TES,
pH 8.0, 100 mm NaCl, 250 mm imidizole, 20% glycerol, 5 mm f-
mercaptoethanol, and 0.05% lauryl maltoside). Protein concentra-
tions were determined using a modified Bradford Assay (Bio-Rad).
50 pg samples of each protein were subjected to SDS-polyacryl-
amide gel electrophoresis. The proteins were electroblotted to
nitrocellulose, and Western blot analysis was performed according
to Sambrook et al. (Sambrook, Fritsch & Maniatas, 1989). The
primary polyclonal antibody recognizes the RGS-6H tag (Qiagen).
The secondary antibody, goat anti-mouse conjugated to alkaline
phosphatase, was purchased from Sigma. The Western blot was
then scanned using a Molecular Dynamics laser densitometer and
analyzed by comparison to wild-type values for the same pre-
paration and Western blot. As shown in Table 1, the values for
each mutant are reported as a percentage of wild-type 6HMntH
averaged from three separate preparations.

KiNETIC CALCULATIONS

For all mutant strains tested, apparent K, and V.« values for
*Mn2" transport were determined by observing initial linear rates
of transport at five external manganese concentrations (0.1, 0.2,
0.3, 0.5, and 1.0 pm final concentration of Mn“). For the wild-
type strains (pMntH and p6HMntH), the data were linear to 60

seconds. At each concentration, data were collected via rapid fil-
tration at 30-second and 60-second time points in triplicate on three
separate days. Thus, the data at each Mn>" concentration for the
wild-type strains were based on 18 data points. This strategy was
also followed in the analysis of mutant strains except that mutants
with lower activity showed linear uptake for longer periods of time.
In these cases, the kinetic analysis included data at 3-minute time
points in addition to the 30-second and 60-second time points.
Since the pH is constant, the transport velocity follows Michaelis-
Menten kinetics with respect to **Mn>* concentration (Segel,
1975). Initial estimates of K, were made using a range of 0.2, 0.5, 1,
2.5 and 5.0 pM final concentration of Mn?>" and the concentrations
of Mn?* used were readjusted to be 3-fold above and below the K.,
for wild-type strains. Results were calculated by an analysis of a
plot of v vs. [S] using the graphic analysis program Excel (Micro-
soft). Data from three independent runs (each done in triplicate)
were averaged to give a value for apparent K, and V.. values,
plus or minus SEM.

Results
THE IDENTIFICATION OF CONSERVED RESIDUES IN MntH

A model for the secondary topology, of E.coli MntH
has been proposed based on experiments involving
Blam and Cat fusions (Courville et al., 2004). To
identify conserved residues within this model, we
started with the amino-acid sequence of E. coli MntH
as the query sequence and homologous sequences
were identified using the database program BLASTP,
version 2.2.1 (Altschul et al.,, 1997). The top 53
matches that were non-redundant and appeared to be
full-length sequences were saved for further analysis.
These sequences were subjected to a multiple se-
quence alignment using the program CLUSTALW
(Thompson, Higgins & Gibson, 1994). The multiple
sequence alignment was used to identify residues that
are conserved among all, or nearly-all, of the 53 se-
quences. These residues are shown with a bold circle,
as they are found in the E. coli MntH protein (Fig-
ure 1). Six acidic residues were identified that are
highly conserved. Of these six residues, four are
completely conserved among all 53 sequences. The
other two (indicated by bold, shaded circles), at
positions 102 and 109 in E. coli MntH, are not con-
served in two species. Position 102 is changed to an
isoleucine in Clostridium acetylbutylicum (copy 2),
and position 109 is changed to an alanine in
C. acetylbutylicum (copy 2) and to an asparagine in
Oncorhynchus mykiss (copy 2).

To compare and slightly refine the model ob-
tained previously by Blam and Cat fusions (Cour-
ville et al, 2004), membrane-spanning regions for
each of the 53 sequences were also predicted using
the program TMHMM (Krogh et al., 2001). These
predicted transmembrane regions were overlaid
onto the multiple sequence alignment to generate a
consensus for the transmembrane regions. This
consensus provided the basis for the secondary
structural model shown in Fig. 1, which depicts the
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Fig. 1. Secondary topology model
of the E. coli Nramp homolog,
MntH. The amino-acid sequence
shown in this figure is E. coli MntH.
Conserved residues are shown with
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a darkened circle. With the
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conserved) and Asp-109 (96%
conserved), which are shown as
shaded circles, all of these residues
are 100% conserved among the 53
members that were analyzed. The
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amino-acid sequence of E. coli MntH. The model
shown in Fig. 1 is only slightly different from the
model obtained by Blam and Cat fusions (Courville
et al., 2004). Moreover, with regard to most of the
residues that are the subject of the current study,
there is no disagreement between the two models.
In both models, Asp-34, Pro-35, Gly-36, Asn-37,
Glu-102, Asp-109, and Glu-112 are found within
transmembrane-spanning regions (TMS), and Glu-
154 and Asp-238 lie on cytoplasmic loops near the
membrane boundary. In our model, Gly-115 is
actually within TMS-3, while in their model it is at
the TMS-3/aqueous boundary.

CoNsTRUCTION oF 6HMntH

To begin mutagenesis work on MntH, we first cloned
the wild-type mntH gene into a vector to create a
construct with a 6-Histidine tag at the amino termi-
nus. In the current study, the tag was used to measure
the amount of MntH protein using an antibody that
recognizes the 6-Histidine tag. Initially, the 6 Histi-
dine-tagged gene was cloned into the vector, pQE30,
which has a strong viral promoter. However,
expression of the gene caused the cells to grow
poorly, so the 6-Histidine construct was cloned next
to lac promoter within the plasmid, pSU2718 (Mar-
tinez et al., 1988). The resulting plasmid is designated
p6HMntH.

The wild-type MntH protein and the 6HMntH
protein, both under the control of the /ac promoter,
were then compared with regard to their transport

generated in two steps. First, 53
Nramp homologs were aligned
using the program CLUSTALW
(Thompson et al., 1994). Next, the
transmembrane segments in each of
the 53 homologs were predicted
using the program TMHMM
(Krogh et al., 2001). These data
were used to produce a consensus
for the boundaries of
transmembrane regions.

properties. As shown in Fig. 2, the two proteins
transport **Mn”" to comparable levels. The wild-
type protein exhibited an apparent K, of 0.3 uM
and a Vp.0of 33.3 nmoles/min mg protein. These
values are similar to those reported in other studies
(Silver, Johnseine & King, 1970; Kehres et al.,
2000). The 6HMntH protein also exhibited a K, of
0.3 uM, but had a slightly reduced V,.x of 19.3
nmoles/min mg protein. The reduced V,,x may be
related to a lower level of expression due to the
presence of the 6-Histidine tag. However, since an
antibody is not available to the wild-type (non-
tagged) protein, it was not possible to compare the
levels of protein expression. Nevertheless, the
moderately high V.. value and normal K, values
seen with the 6HMntH protein indicate that the
presence of the tag does not significantly perturb
structure and function.

MUTAGENESIS OF CONSERVED AcIDIC RESIDUES

Because MntH is an H/Mn?>" symporter, it
seemed reasonable to postulate that any or all of
the conserved acidic residues might play a role in
the binding of H* and/or Mn®*. To investigate
this possibility, the conserved acidic residues (D34,
E102, D109, E112, E154, and D238) were first
changed to nonionizable residues of similar size
(i.e., aspartic acid to asparagine, and glutamic acid
to glutamine). The acidic residues located on
transmembrane segments were also substituted with
the alternative acidic residue (i.e., aspartic acid for
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nmal Mn".l'mg protein

pMntH

p6HMntH

Fig. 2. Transport characterization
of wild-type and 6-His-tagged
MntH. The transport of >*Mn>*
was measured at an external
concentration of 0.3 pm at 37°C as
described under Materials and
Methods.
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glutamic acid or glutamic acid for aspartic acid).
The codon changes are described in Table 1. Also,
as seen in this table, the mutants were expressed at
moderate to normal levels.

Asp-34 is found within a signature sequence,
DPGN, which is conserved in all transporters of the
Nramp family (Cellier et al., 1995). Since this sequence
contains an acidic residue, it is a reasonable hypothesis
that this motif plays an important role that is neces-
sary for the formation of a cation-binding site and/or
is required for conformational changes associated
with transport. To investigate this possibility, Pro-35,
Gly-36, and Asn-37 were also changed to conservative
substitutions (see Table 1). These mutants were also
expressed at moderate to normal levels.

In addition, Gly-115 which is 100% conserved
among Nramp family members, was changed to two
conservative substitutions. Gly-115 is predicted to lie
on the same face of TMS-3 as Asp-109 and Glu-112
(see Fig. 1).

25 3 35

TRANSPORT CHARACTERIZATION OF WILD-TYPE AND
MUTANT STRAINS

The mutant strains were initially tested for **Mn>"
uptake at 0.3 um, which is the K, value for the wild-
type strain. Figure 3 shows the mutagenesis results of
the conserved acidic residues. The E154Q strain
transported Mn>" to levels that were roughly half that
of the wild-type strain. In addition, there were a few
mutants that transported Mn>* at very low, but
detectable rates. These included DI09E, DI109N,
E112D, E112Q, and D238N. The remaining mutants
showed transport rates that were indistinguishable
from the background transport seen in the knockout
strain. Thus, many mutants having conservative sub-
stitutions including D34E, D34N, E102D, and E102Q,
showed a complete loss of transport activity. With the
exception of position 154, these results are consistent
with the idea that these residues play an important role
in cation binding. Alternatively, these residues could
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be important for conformational changes associated
with transport, and/or perform a role in maintaining a
proper tertiary structure of the protein.

As mentioned, one of the conserved acidic resi-
dues, namely Asp-34, is part of the signature motif,
DPGN, that is found within the Nramp family. Since
Asp-34 appeared critical for transport function, it
was of interest to determine if the neutral residues of
this motif are also functionally important. Therefore,
the other three sites (i.e., Pro-35, Gly-36, and Asn-37)
were changed to two or three conservative substitu-
tions and tested for >*Mn’>" uptake. As shown in
Fig. 4, all of the mutants were severely defective in
**Mn®" transport. Only the P35G mutant showed
any transport that was reliably above background.
Similarly, we also investigated the importance of Gly-
115, which is a conserved residue in the vicinity of
Asp-109 and Glu-112. Two conservative substitutions
at Gly-115 showed a complete loss of function. Taken
together, these results indicate that conserved neutral
residues on TMS-1 and TMS-3 are critically impor-
tant for MntH function. Since these residues are

2?5 \ q a5
pD34E, pD34N

p6HMntH
pEIS4D
pD238E
i
| PEIS4Q
pD238N
pDIVE | . )
Fig. 3. **Mn*" uptake in 6-His-
wild-type and mutant strains that
have alterations of conserved acidic
PELI2Q residues. The transport of **Mn>"
was measured at an external
_;- pE112D concentration of 0.3 pum at 37°C as
—— .\, pD109N | described under Materials and

—_ Methods.

pE102D, pE102Q

completely conserved among all Fe** /Mn>" trans-
porters, a reasonable hypothesis is that they play a
key role in the formation of a site that is involved
with metal binding.

To further investigate the importance of these
residues, the mutants with measurable levels of
transport were examined with regard to the kinetics
of **Mn’" uptake. These results are presented in
Table 2. The E154Q strain had a moderately high
Vmax value and a K, value that was not significantly
different from the wild-type strain. Thus, it appears
that a negative charge at position 154 is not critical
for cation binding or transport. By comparison, the
other mutants tested showed V.. values that were
less than 15% of the wild-type strain. The D238N
mutant had a normal K, value, whereas the P35G,
DI09N and E112Q strains had somewhat elevated
K., values. Along these lines, it is interesting to note
that Asp-238 is predicted to be located in a hydro-
philic loop region that connects TMS-6 and TMS-7,
while Pro-35, Asp-109 and Glu-112 are predicted to
lie on transmembrane segments both in the model
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nmol Mn*Img protein

p6HMntH

Fig. 4. **Mn’>" uptake in 6-His-
wild-type and mutant strains that
have alterations of conserved
neutral residues in TMS-1 and
TMS-3. The transport of **Mn>"
was measured at an external
concentration of 0.3 um at 37°C as
described under Materials and

pP3sG

pG36A, pN3fQ

o 05 1 1.5 2 25
Time (minutes)

—® pNITS

Methods.

\ 3 3.5
pP35N, pP35Q

pG36P, pN37D
pG115A, pG115P

Table 2. Kinetic characterization of wild-type and selected mutant strains

Strain Apparent K, + sem (UM)

Adjusted Viax®
(nmol mg™" min™")

Apparent Vy,,,* £ SEM
(nmol mg™" min™")

6HMntH (wild-type) 0.3 £ 0.1
P35G 0.7 + 0.1
DI109N 0.7 + 0.2
E112Q 0.9 + 0.2
E154Q 0.4 + 0.0
D238N 0.4 + 0.1

19.2 £ 7.2 19.2
2.0 £ 0.0 33
28 £ 1.2 3.8
26 £09 29
10.0 + 0.1 10.5
2.6 £ 0.7 2.4

#Kinetics measurements were made as described under Materials and Methods.

Y max adjusted for differences in protein expression (see Table 1).

presented in this study and in another study (Cour-
ville et al., 2004).

Discussion

It is interesting to compare our results obtained with
E. coli MntH with mutants that have been identified
in other Nramp homologs. In the rat Nramp2
homolog, Cohen and colleagues found that muta-
tions at Gly-119 (analogous to Gly-36 in MntH) re-

sulted in a complete loss of transport activity, and
other mutations in the extracellular loop adjacent to
TMS-1 decreased transport activity (Cohen et al.,
2003). Surprisingly, one single mutation in the loop
(Q126D) caused a complete loss of transport activity,
but when combined with another mutation (D124A),
transport activity was restored. However, the crea-
tion of a triple mutant G119A/D124A/Q126D
showed no transport, suggesting an important role
for Gly-119 in rat Nramp2. In another study, muta-
tions were made to mouse Nramp2 to neutralize
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charge at Asp-86 (MntH Asp-34) and at Glu-154
(MntH Glu-102) (Lam-Yuk-Tseung et al., 2003). In
each case, the mutation caused complete loss of iron
transport activity, while neutralizing Asp-161 (MntH
Asp-109) showed a decrease in transport activity.
Interestingly, mutation of the same residues in bac-
terial and mammalian Nramps appears to yield sim-
ilar results despite the difference in metal specificity,
highlighting the strong functional and structural
conservation between family members. It may be the
non-conserved residues that create subtle differences
in structure around the metal ion binding site that
causes a preference for Fe>" by eukaryotic Nramps
and a preference for Mn?" in bacteria.

The goal of the current study is the identification
of acidic residues that play an important role in the
transport mechanism of MntH of E. coli. Insights
regarding the possible roles of critical residues may be
obtained by considering the function of amino acid
side chains in other metal-binding proteins whose
structures have been determined. Among water-sol-
uble proteins, several are known to bind Fe* " and/or
Mn?", and the amino acid residues that are involved
in coordinating the metal ions have been identified
for some of these proteins. An interesting example is
the Fur repressor protein, which is involved in the
regulation of iron uptake genes and the biosynthesis
of siderophores in response to iron levels in many
species of bacteria. The regulatory metal binding site
of the co-repressor Fe*" (and Mn*" or Co’>" in
vitro) involves at least two histidines and one car-
boxylate (Adrait et al., 1999).

The manganese-dependent superoxide dismutase
(MnSOD), which helps protect cells from oxidative
damage by free radicals, consists of two homodimers
with each monomer binding one manganese ion.
Each manganese ion is coordinated by three histi-
dines, one aspartic-acid residue and one solvent
molecule (Edwards et al, 1998). This is also the case
for iron-dependent superoxide dismutase (FeSOD)
(Lah et al., 1995).

Manganese peroxidases (MnP) are extracellular
enzymes excreted by white rot fungi for lignin deg-
radation. The X-ray crystal structure has been solved,
showing that a heme propionate group, two water
molecules, and three acidic residues of MnP (Glu-35,
Glu-39, and Asp-179) interact with Mn>" (Sund-
aramoorthy et al., 1994).

With these insights, it is interesting to compare
the results obtained for MntH in the current study.
Among six conserved acidic residues, five are
important for function: Asp-34, Glu-102, Asp-109,
Glu-112, Asp-238. Of these five, two, Asp-34 and
Glu-102 appear to be essential for function, since
conservative substitutions at these two sites result in a
complete loss of transport function. Likewise, all of
the residues within the signature sequence, DPGN,
were also mutated in this study. Each residue was

Glu-112 ==

Asp-109 ==

TMS-2
TMS-1 TMS-3

/

Fig. 5. Hypothetical model for the binding of Mn>" to MntH. In
this model, four residues, Asp-34, Asn-37, Aspl09, and Glu-112,
form a site for the binding of Mn?". Pro-35, Gly-36, and Gly-115
(not shown in the figure) may cause distortions in the helical peri-
odicity of TMS-1 and TMS-3 that help to form this binding pocket.
Note: this hypothetical model is based on the effects of mutations
on Mn*" transport, and not based on structural or biophysical
studies.

changed to several different amino acids, and of ten
site-directed mutations made to this motif, only P35G
showed any measurable level of **Mn*" uptake with
a Vmax value of approximately 10% of wild-type and
a slightly elevated K.,. Prolines and glycines are
considered to be helix-breaking residues, with pro-
lines introducing kinks into the helix and glycines
contributing to helix flexibility and packing (Ulm-
schneider & Sansom, 2001). With Asp-34 being an
essential negative charge for function, it is possible
that Pro-35 and Gly-36 are important for positioning
the negative charge in the proper direction for cation
binding or for conformational changes that occur
during transport. The tolerance for a glycine at
position-35 may be explained by its small side-chain
volume or added flexibility to the a-helix of TMS 1
that permits transport despite the mutation.

Among transporters, the binding and transport
of divalent cations has been extensively studied in the
Ca?"-ATPase. The results obtained for MntH bear a
striking resemblance to the calcium-binding sites in
the Ca’"-ATPase. In that transport protein, the
Ca’" -binding sites are disrupted by helix breakers,
and the residues that form the coordination sites in-
clude three carboxylates (Toyoshima et al., 2000;
reviewed in MacLennan, Abu-Abed & Kang, 2002).
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For example in site I, three carboxylates (Glu-771,
Asp-800, and Glu-908), one asparagine (Asn-768),
and one threonine (Thr-799) and in site II, the side
chain oxygen atoms of Asn-796 and Asp-800 of
TMS-6 and Glu-309 of TMS-4 are involved in Ca®”"
coordination. Another feature of the Ca®"-binding
region is a disruption of the o-helical structure in
TMS-4 (Pro-312) and in TMS-6 (Gly-801). There is
also a high concentration of negatively charged
amino-acid residues near TMS-4 at the cytosolic ends
of TMS-1 and -3. A very similar arrangement of
residues is also found in MntH. In particular, Asp-34,
Asn-37, Asp-109, and Glu-112 are found on trans-
membrane segments 1 and 3 near the periplasmic side
(see Fig. 1). Furthermore, these residues are in the
vicinity of helix breakers (Pro-35, Gly-36, and Gly-
115) that are critical for function. Based on these
analogies, Fig. 5 depicts a hypothetical binding
pocket for the Mn?* ion, when it is bound to MntH.
The model does not include Glu-102 or Asp-238 be-
cause these residues are located near the cytoplasmic
side of TMS-3 and TMS-7, respectively. Even so,
Glu-102 and/or Asp-238 could play a role in the re-
lease of Mn>" from the binding pocket and its
transport into the cytoplasm. Alternatively, they
could play a role in maintaining secondary structure.

Finally, it is important to mention that since
MntH is postulated to be an H" /Mn?* symporter,
acidic residues could also play a role in H" recog-
nition and transport. Alternatively, the actual trans-
ported species may be H3;O ™, which also could be
coordinated by acidic residues. A detailed proton
translocation mechanism has been largely elucidated
for bacteriorhodopsin, a membrane-spanning ion
pump, which converts light energy into an electro-
chemical gradient by pumping protons out of the
cytoplasm. Asp-85 serves as the initial proton
acceptor until the late stages of the photocycle when
the proton is released through an H-bonded network
of residues (Arg-82, Glu-194, and Glu-204) to the
extracellular medium. Finally, Asp-96 is involved in
reprotonation for the next photocycle (Lanyi &
Schobert, 2002; Luecke et al., 2000).

In the current study involving MntH, the mu-
tants had such low activity that it was not possible to
measure H™ transport directly. However, the lower-
ing of the assay pH to 5.0 or 5.5 was unable to rescue
transport activity of D34E, D34N, E102D, and
E102Q or any of the other mutations made to the
DPGN motif (data not shown), making it less likely
that these residues are involved in proton transport.
Lowering pH has been shown in previous studies to
restore transport activity to double-histidine mutants
of Nramp2 (Lam-Yuk-Tseung et al., 2003). The au-
thors hypothesized that two histidine residues in
TMS-6 may be important for a proton relay system
but not for metal binding. Mutation of these two
residues to cysteines (which can also form a metal-

binding site) showed no metal transport, but chang-
ing the pH of the assay could restore metal transport
in the double cysteine mutant (Lam-Yuk-Tseung
et al., 2003).

As the first step in structure/function analysis of
MntH, this study determined the importance of
highly conserved residues in the Nramp family that
could be potential metal ion or proton binding sites.
In this study, the results are striking in that residues
clustered on TMS-1 and TMS-3 appear essential for
transport. These include three negatively charged
residues (Asp-34, Glu-102, and Asp-109) and four
other nearby residues (Pro-35, Gly-36, Asn-37, and
Gly-115), all of which are 100% conserved in the
Nramp family. Additional nearby residues that are
not conserved may be important in providing differ-
ences in metal-ion specificity among the family
members. Further work will be needed to determine
the specific role of each of these residues to elucidate
the mechanism by which Nramp family members co-
transport divalent metal ions and H" or H;0 .
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