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The natural resistance-associated macrophage pro-
tein (Nramp) defines a conserved family of secondary
metal transporters. Molecular evolutionary analysis of
the Nramp family revealed the early duplication of an
ancestral eukaryotic Nramp gene, which was likely
derived from a bacterial ortholog and characterized
as a proton-dependent manganese transporter MntH
(Makui, H., Roig, E., Cole, S. T., Helmann, J. D., Gros, P.,
and Cellier, M. F. (2000) Mol. Microbiol. 35, 1065-1078).
Escherichia coli MntH represents a model of choice to
study structure function relationship in the Nramp pro-
tein family. Here, we report E. coli MntH transmem-
brane topology using a combination of in silico predic-
tions, genetic fusion with cytoplasmic and periplasmic
reporters, and MntH functional assays. Constructs of
the secreted form of B-lactamase (Blam) revealed extra
loops between transmembrane domains 1/2, 5/6, 7/8, and
9/10, and placed the C terminus periplasmically; chlor-
amphenicol acetyltransferase constructs indicated cyto-
plasmic loops 2/3, 6/7, 8/9, and 10/11. Two intra loops for
which no data were produced (N terminus, intra loop
4/5) both display composition bias supporting their de-
duced localization. The extra loops 5/6 and 6/7 and
periplasmic exposure of the C terminus were confirmed
by targeted reporter insertion. Three of them preserved
MntH function as measured by a disk assay of divalent
metal uptake and a fluorescence assay of divalent metal-
dependent proton transport, whereas a truncated form
lacking transmembrane domain 11 was inactive. These
results demonstrate that EcoliA is a type III integral
membrane protein with 11 transmembrane domains
transporting both divalent metal ions and protons.

Divalent metal ions such as ferrous iron, Fe?*, Mn2", Co?™,
and Zn2" are vital nutrients for living cells that participate as
metabolic cofactors in a variety of biochemical processes involv-
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ing electron transfers, including respiration and photosynthe-
sis. The natural resistance-associated macrophage protein
(Nramp)® belongs to a highly conserved family of integral mem-
brane proteins found in a large spectrum of organisms, includ-
ing mammals (2, 3), plants (4), yeast (5), and bacteria (6, 7).
Eukaryotic Nramp proteins were implicated in pH-dependent
transport of divalent metals, including Fe?* and Mn2* (8, 9).
Mammalian Nramp?2 facilitates transferrin-independent iron
absorption in the intestine and transferrin-dependent iron up-
take by peripheral tissues (e.g. bone marrow, erythrocytes, and
kidney), whereas Nrampl is devoted to host resistance, acting
at the level of the membrane of the phagosome in macrophages
and neutrophils (10). Likewise, three yeast homologs contrib-
ute to manganese and iron homeostasis by facilitating manga-
nese acquisition either at the plasma membrane or from intra-
cellular vesicles and iron mobilization from the vacuole (11).
The phenotypes associated with NrampI and Nramp2 knock-
out in mice, innate susceptibility to various intracellular patho-
gens and microcytic anemia, respectively, demonstrate non-
redundant roles of mammalian Nramp proteins in divalent
metal homeostasis. Deregulation of their expression may also
perturb normal metabolism due to the cytotoxic effects of ex-
cessive metal accumulation (12).

Bacterial homologs of eukaryotic Nramp were subsequently
characterized in Gram-positive and -negative species as proton-
dependent manganese transporters and denominated MntH
proteins. Detailed sequence analyses revealed the existence of
three phylogenetic groups of MntH proteins that showed dis-
tinct evolutionary patterns, and these groups were designated
MntH A, B, and C (13). One of three phylogenetic groups of
bacterial homologs (1) is distributed among Gram-positive and
-negative bacteria and shows congruency between function,
phylogenetic and taxonomic relationships, and amino acid sub-
stitution rate pattern, consistent with an early evolutionary
origin (14). Several MntH A proteins were functionally charac-
terized. In Gram-positive species, Bacillus subtilis MntH A is
necessary for growth in minimal medium not supplemented
with manganese, and mntH gene expression is regulated by the
manganese-dependent repressor MntR (15). Mycobacterial
MntH A was characterized by heterologous expression in Xe-
nopus oocytes (16) and yeast (17). MntH A proteins were also
studied in Gram-negative species; Escherichia coli and Salmo-
nella typhimurium MntH A proteins were characterized in our
laboratory as proton-dependent transporters of divalent metals
with strong preference for Mn2" (1, 18). MntH proteins B and

! The abbreviations used are: Nramp, natural resistance-associated
protein; Blam, B-lactamase (secreted form); Cat, chloramphenicol acetyl
transferase; LB, Luria-Bertani; PBS, phosphate-buffered saline; TMD,
transmembrane domain; MntH, proton-dependent manganese
transporter.
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TABLE 1
Sequence of the oligonucleotide primers used in this study

Primer Sequence®? Restriction site
Ncol25 5" TCACCATGGCGAACTATCGC-3’ Ncol
XbalR 5'-AGGTCGACTCTAGAGGA-3’ Xbal
BlaM-179 5'-AACCTGGGATCCGCGCAGCTG-3’ BamHI
BlaM-263 5-ACTTTGGATCCTCCGGTCATACT-3' BamHI
Cat91A 5'-ACTACAGATCTACGCGGATAGT-3’ Bglll
Cat226 5-ATGGCGGATCCGGTTCGCGTC-3' BamHI
Cat373 5'-TCAACTTGCTGAATCCGTCG-3’ BamHI
Cat226A 5'-CGCGTCTAGAATCCAAACTGC-3’ Xbal
Cat373A 5-AACTTCTAGAATCCAAACTGCA-3’ Xbal
Cat324A 5'-GCACAGATCTCAGCGGGATAT-3’ Bglll
Cat387A 5'-CA GCC AGA TCT TTT TAC GCG TTT-3’ Bglll
PCTAG1 5'-CCACCAAATGGGATGTGGCTATC-3' Xeml
PCTAG2 5" ATTGGATCCCAATCCCAGCGCCGTCCCC-3' BamHI
PCTAG3a 5" CGCTGGGATCCTAGTTGAATGAGCGTC-3' BamHI
PCTAG4a 5" GCCCGAGGCATAGACTGTACAAA-3' BsrGI
FT1 5" ACTCTAGATCAGATCCTCTTCTGAGATGAGTTTTTGTTCCAATCCCAGCGCCGTCCCCA-3' Xbal
FT2 5'-TTGCCGCGGCTTACATTGTCGAGT-3’ Sacll
Blal 5'-CTCGTGCACCCAACTGA-3’

BamBlal 5" GTTGGATCCCACCCAGAAACGCTGGTGAAA-3’ BamHI
BamBla2 5" TGAGGATCCCCAATGCTTAATCAGTGAGGCAC-3’ BamHI
CatF 5" GCTAAGGGATCCAGCCTGCAGAAAAAAATCACTG-3' BamHI
CatR 5" ACTGGATCCAAACTGCAGCGCCAGCGCCCCGCCCTGCC-3' BamHI

“ The underlined sequences represent the localization of the restriction site.

® The italicized sequences represent the c-Myc tag epitope.

C have also been studied recently; one MntH C protein was
reported to contribute to Staphylococcus aureus virulence (19),
and several mntH genes from groups B and C were functionally
expressed in E. coli and shown to confer sensitivity to divalent
metals (14). Therefore, despite significant distance between
currently known Nramp homologs, their sequence preserved
structural features that correspond to a conserved function in
proton-dependent divalent metal uptake.

Based on their evolutionary features, the prokaryotic genes
of mntH group A most likely represent precursors of eukaryotic
Nramp genes (13, 14); the corresponding proteins should thus
exhibit similar structures because they perform similar func-
tions (20). Determination of the transmembrane topology is a
prerequisite to study the structural and functional properties
of a membrane transporter (21), and a combination of in silico
predictions and experimental validation is desirable to estab-
lish a reliable topological model (22). Initially, in the absence of
a functional hint, extensive sequence analysis of eukaryotic
Nramp homologs yielded a consensus transmembrane topology
that was based on several conserved features as follows: (i) the
presence of ten hydrophobic segments showing a remarkable
degree of amino acid sequence conservation, including, for
some, the presence of charged residues and overall amphiphilic
character; (i) the strong net positive charge for hydrophilic
loops predicted to be cytoplasmic; and (iii) the presence of a
potential glycosylation signal in a predicted extracytoplasmic
loop and a putative conserved transport motif. This putative
topology placed the N terminus cytoplasmically followed by a
conserved hydrophobic core of ten transmembrane domains
(TMD) and either one or two non-conserved, highly hydropho-
bic TMDs (placing the C terminus extra- or intra-cytoplasmi-
cally, respectively).

The proposed topology has been verified in different regions
of different homologs. The orientation of yeast Smf3p TMD11
has been determined by inserting a hemagglutinin A tag at
either end of this segment. Only the C-terminal insertion was
removed by vacuolar proteases consistent with the location of
Smf3p in the membrane of the yeast vacuole. The data indi-
cated that the last TMD in yeast Smf proteins is oriented from
the cytoplasm toward the exterior, placing the C terminus
extracytoplasmically (11). Both the N and C termini of the
mammalian protein Nramp1l were localized on the cytoplasmic

side of the membrane using either a polyclonal serum gener-
ated against the N-terminal portion of the protein or by creat-
ing a c-Myc tag insertion at the C terminus (23). The same
group found, using the paralogous Nramp2, that the loop be-
tween the TMDs 7 and 8 was extracellular after inserting a
hemagglutinin A tag (24). Recently, a study indicated that a
24-residue peptide corresponding to Nramp2 putative TMD4
(residues 179-202) adopted a well folded a-helical conforma-
tion from the residue Val'®? to Lys2°! in detergent micelles
(25).

Alternative topologies have been proposed; one study sug-
gested that mouse Nrampl could adopt a reverse transmem-
brane topology (extracytoplasmic N and C termini) based on
findings that incubation with antibodies directed against either
the predicted extra loop between TMDs 7 and 8 or the C
terminus inhibited or did not inhibit, respectively, temperature-
dependent association of iron with purified phagosomes (26).
Concerning bacterial homologs, a study of the reactivity of the
unique cysteine of the Mycobacterium leprae MntH A protein
proposed a transmembrane topology inferred from sequence-
based predictions that included 12 TMDs (17). These data raise
the issue of the number of TMDs in prokaryotic MntH proteins
and of the similarity of prokaryotic MntH and eukaryotic
Nramp and Smfp transmembrane organization.

In the present study, we investigated the transmembrane
topology of the E. coli Nramp ortholog MntH A (EcoliA), which
constitutes an ideal structural and functional model of eukary-
otic Nramp using different genetic approaches. We employed a
combination of in silico predictions, reporter gene fusions, and
insertion mutagenesis, including bi-functional hybrid proteins
for which metal uptake and metal-dependent proton transport
were evaluated.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—DH11S mntH E. coli cells
(kanamycin-resistant) were used in the standard cloning procedures.
Bacteria were grown at 37 °C and 250 rpm in Luria-Bertani (LLB) broth
supplemented with the appropriated antibiotics (100 pg/ml ampicillin,
30 pg/ml kanamycin, or 15 ug/ml gentamicin). The GTA medium (1)
was used for the disc assay and complementation experiment using the
SL93 mntH E. coli strain (Tables I and II).

Sequence Analyses—Three programs were used to formulate a con-
sensus prediction topology of the MntH A protein, namely TMHMM
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TaBLE II
Bacterial strains and plasmids used in this study

The abbreviations used include the following: Amp*, ampicillin-resistant; Gm", gentamicin-resistant; IPTG, isopropyl-1-thio-g -D-galactopyrano-

side; Kan”, kanamycin-resistant; Tc”, tetracyclin-resistant.

Strains and plasmids

Genotype or other relevant characteristics

Reference or source

DH11S F~ merA A (mrr hsdRMS merBC) A (lac-proAB) A Invitrogen
(recA1398) deoR supE rpsL srl thi/F’ proAB"lacl*Z AM15
SL93 lac-3350, galK2, galT22, rpsL179, zgj-203::Tn10 hfIBI (Ts) 53
SL93 mntH 1
pBADNX1.1¢ Amp* and induction with L-arabinose 1
pBADNX?7.2° Gm" and induction with L-arabinose This study
pBADGmABamHI Gm" and not inducible This study
pYZ4NX1.1 Kan" and induction with IPTG This study
pYZ5 Tc" Blam fusion vector 27

“ This plasmid was used for most cloning experiments.
® This plasmid was used to clone the Blam insertions.

(www.cbs.dtu.dk/servicess  TMHMM-2.0/), PHDhtm (cubic.bioc.columbia.
edu/predictprotein/), and MEMSAT (bioinf.cs.ucl.ac.uk/psiform.html).
Hydrophobicity profiles were generated using the method of Kyte and
Doolittle (Ref. 42; for an example, see www.bio.davidson.edu/courses/
compbio/flc/home.html) and by implementing a sliding window of 19
residues.

Construction and Analysis of Random [-Lactamase (Blam) Fu-
stons—pBAD NX1.1 was subcloned in pYZ4 (28). Nested 3’ deletions of
the mntH gene were obtained by digesting pYZ4 NX1.1 with Xbal and
Sphl and treated with exonuclease III using the Exo-size™ deletion kit
(New England Biolabs, Mississauga, Ontario, Canada) according to the
manufacturer’s instructions. The fusion at the amino acid Ala'®® was
obtained by digesting pYZ4 NX1.1 with Sacll and treating with T4 DNA
polymerase to create blunt ends conserving the reading frame. The
different preparations were digested with Sacl, purified, and ligated
with the 850-bp secreted Blam open reading frame, previously obtained
by digestion with Pvull and Sacl of the plasmid pYZ5 (27). The ligation
product was transformed in E. coli competent cell DH11S, and kana-
mycin-resistant transformants were selected. The colonies were
scratched on three plates containing, respectively, 30 ug/ml kanamycin
and 20 and 100 pg/ml ampicillin. All plates contained 10 uM isopropyl
B-D-1-thiogalactopyranoside, and ampicillin-resistant and kanamycin-
resistant colonies were selected. The minimal inhibitory concentration
of ampicillin for the MntH-Blam fusions were determined by spotting 4
wl of a diluted 16-h liquid culture (10~° and 10°) on plates containing
different concentrations of ampicillin and supplemented with isopropyl
B-D-1-thiogalactopyranoside. Plasmids were isolated from selected
clones (>45 ug/ml ampicillin) and analyzed with restriction enzymes to
determine the approximate position of the fusion. Those corresponding
to novel positions were sequenced using automatic sequencer CEQ
2000XL from Beckman Coulter (Mississauga, Ontario, Canada).

Construction and Analysis of Targeted Chloramphenicol Acetyltrans-
ferase (Cat) Fusions—Cat constructions were created by targeted PCR
fusion inserting BglII sites after the amino acids Leu®?* and Lys®*?. The
products were digested with Sacll and BglII and ligated to the vector
pBADNX1.1 digested with the Sacll and Xbal and to the cat gene
amplified by PCR and containing 5'-BamHI and a 3’-Xbal sites. The
fusions at the residues Gly?*® and Leu®*'? were constructed using Ncol
and BamHI sites, and a Bglll site was used at Arg®'. The different
fusions were tested for resistance to chloramphenicol using a 16-h
liquid culture to inoculate 2 ml of LB medium (1/10) and grown for 3 h
under agitation. Cultures were then induced to express the constructs
with 0.06% L-arabinose for 1 h, and 4 ul of a 10* dilution were spotted
on plates containing different chloramphenicol concentrations and 0.2%
L-arabinose (except for the construct L*'2-Cat, for which 6 X 1075 %
L-arabinose was used). Constructs Thr®"* and Leu*®* were subcloned in
pBADNX1.1 and pBADNX?Y7.1, respectively, using Ncol and Sphl re-
striction sites.

Construction and Analysis of Targeted Insertions—Targeted Blam
insertions were obtained by PCR overlap extension to introduce BamHI
sites (29) after the amino acids Leu'”, Phe?*®, and Leu*'?. The final
products were cloned in pPBADGmABamHI using Ncol and Xbal restric-
tion sites. The mutants were digested with BamHI and ligated to a
BamHI Blam open reading frame. The hybrid proteins were subcloned
in pPBADNXY7.1, and ampicillin minimal inhibitory concentrations were
obtained as described above using a subtoxic concentration of L-arabi-
nose as an inducer of expression. The PCR overlap extension approach
was also used to generate a C-terminal c-Myc fusion (EQKLISEEDL).
The toxicity of the constructs was estimated by growing a LB culture for
16 h at 37 °C and 250 rpm, which was then diluted in fresh LB broth to

obtain a final optical density (ODg,,) of 0.5 and subcultured in the
presence of different concentrations of L-arabinose during a 6-h period.
The level of toxicity of the mutants was estimated from the final ODyg,.

Western Blot Analysis—Cytoplasmic and membrane fractions were
prepared for each random fusion (30). The samples were solubilized in
SDS dissolving buffer (4% (w/v) SDS, 40% (v/v) glycerol, 0.5 M mercap-
toethanol, 40 mMm Tris-HCI, pH7.2, and 0.005% (w/v) bromphenol blue)
and incubated at 37 °C for 30 min. Proteins were separated by electro-
phoresis using a 12% polyacrylamide gel (SDS-PAGE). The proteins
were transferred on a sequi-blot polyvinylidene fluoride membrane
from Bio-Rad at 60 mA for 1 h, washed with distilled H,O, and blocked
for 16 h at 4 °C in a 1X 0.1% PBS-Tween 20 solution containing 5%
milk. Membrane were incubated with the primary antibody for 1 h,
washed four times for 12 min in 0.1% PBS-Tween 20, and incubated for
1 h with the secondary antibody (anti-IgG1-horseradish peroxidase
(Santa Cruz Biotechnology, Santa Cruz, CA; 1:1000) and four 12-min
washes in 0.1% PBS-Tween 20. Blots were revealed using the ECL
Western blotting reagent from Amersham Biosciences. The primary
antibodies used were an anti-B-lactamase monoclonal antibody (Biode-
sign International, Saco, ME; 1:500), an anti-c-Myc monoclonal (anti-
body Biodesign International; 1:100), and anti-Cat polyclonal antibody
(Sigma; 1:700).

Protein Overexpression and Preparation of Mixed Membranes—Mem-
brane extracts were obtained by the preparation of E. coli mixed mem-
branes using a water lysis protocol (31). In brief, 50 ml of E. coli culture
induced for 16 h with 0.06% of L-arabinose were harvested and lysed in
sucrose buffer containing EDTA and lysozyme. The spheroplasts were
harvested and incubated for 30 min in deionized water. The mixed
membranes were then washed and resuspended in 400 ul of membrane
resuspension buffer (0.1 M sodium phosphate, pH 7.2, and 1 mm 2-mer-
captoethanol). 120 ug of total proteins were separated on SDS-PAGE,
and Western blot was performed as described above. Protein concen-
trations were determined using the non-interfering protein assay by
Genotech (St. Louis, MO).

MntH A Functional Assays—MntH-dependent metal uptake was
evaluated by a disk assay of metal sensitivity. Cells were grown during
a 16-h period at 37 °C and 250 rpm. The cultures were then diluted in
the GTA broth to obtain a final ODg, of 0.55. 100 ul of bacteria was
mixed to 3 ml of molted GTA agar and spread onto GTA plates supple-
mented with the appropriate concentration of arabinose prior to placing
a disk impregnated with 10 ul of metallic solution and incubating for
16 h at 37 or 42 °C (1). MntH- and divalent metal-dependent intracel-
lular accumulation of protons was determined by measuring the fluo-
rescence intensity ratio of pH-dependent ratiometric GFP (pHluorin)
(32, 33).

Electro-competent cells of E. coli DH11S mntH were transformed
with pGBM6-pH constructed as follows. pHluorin (GenBank™ acces-
sion AF058694) was amplified by PCR from pGFPratiometric (32) using
the primers Gratio2F (5'-AAAAGCATGCGTAAAGGAGAAGAACT-3')
and Gratio2R (5'-TATTAAGCTTTTATTTGTATAGTTCATCC-3'). Cy-
cling parameters with the Pfu polymerase (Stratagene, Cedar Creek,
TX), were 5 cycles of 96 °C for 45 s, 55 °C for 45 s, and 72 °C for 2 min
30 s, followed by 25 cycles of 96 °C for 45 s, 62 °C for 45 s, and 72 °C for
2 min 30 s. This fragment was cloned into pJBA111 (34) using Sphl and
HindIII restrictions sites. Subsequently, the cassette P,;/04/05-RBSII-
gfp ratio-T0-T1, was excised using Notl, blunt-ended using T4 DNA
polymerase, and ligated to pGBM6 (ATCC 87502), which was digested
previously by Smal.

For transport activity determination, T'SS-competent cells of E. coli
DH11S mntH (pGBM6-pH) were transformed with pBAD plasmids



E. coli MntH A Transmembrane Topology

EcoliA
EchryA
BsubtA
MleprA
DradiA

P

EcoliA 54 : g
EchryA 54 : g
BsubtA :

MleprA
DradiA

R MTNYRVESSS A
e e s MPGSRVVE sv:;ms
et MMNKD I TAQSPRSKAVQDALDGKIRGFRGL*P
R LFVNLTCLSEGNGSRGKALAE STQAELKTSWY
: MDSRSPSLPDDRPDPPEQHLDARAGATLRGTAGPRGVRRIZP

3321

i

129 :
129 :
141
141 =
181 3

EcoliA
EchryA
BsubtA
MleprA
DradiA

203 :
203
218
215 :
224 :

EcoliA
EchryA
BsubtA
MleprA
DradiA

EcoliA
EchryA
BsubtA
MleprA
DradiA

7
1

EcoliA
EchryA
BsubtA
MleprA
DradiA

Q 8
273 : @ TLOPHIS LS| 1,
273 : DQ.\{LTLKP, \TIRGLS| LESIYV
288 : DV.FQQFGH!VS 1 L8 vG
288 : EGT.TAIQDTIGATI, I AR A
298 : TTN/QTLTPA!GPAASVLAV. 3 -Bsage

Aﬁnpscnmvm'l
\AHFSGNTS IAE!
\LSFKNG-LFVED!

T;HGKNVENAGD!!

i1 DALLG- 411
oy TL VDGFR - 425
eV VT YLy VTS~ 426

IGYBLWELLGG- 436

I Inside. cytoplasmic

0 Outside. periplasmic

Fic. 1. Sequence analysis of selected MntH homologs from group A. The open boxes above the alignment indicate putative transmem-
brane segments, and their orientation relative to the membrane as predicted by different algorithms. The homologs and the species from which they
were derived are: EcoliA, E. coli; EchryA, Erwinia chrysanthemi; BsubtA, B. subtilis; MleprA, M. leprae; and DradiA, Deinococcus radiodurans.

encoding different MntH variants. Clones were grown in the presence of
appropriate antibiotics at 37 °C in LB broth, which was supplemented
with 0.06% L-arabinose 1 h before fluorescence measurement to allow
the expression of MntH proteins. Cells were then harvested by centrif-
ugation, washed once in citrate-potassium phosphate buffer (50 mm, pH
5), and finally resuspended in the same buffer to an ODg, of 0.2.

Fluorescence was measured on a Cary Eclipse fluorescence spectro-
photometer (VARIAN, Inc.); pHluorin fluorescence was excited by a
xenon lamp at 410 and 470 nm respectively, the emission was detected
at 520 nm. Fluorescence excitation ratio R (410/470 nm) was continu-
ously monitored for 500 s and transformed into pH values (or intracel-
lular concentration of protons) according to the calibration curve. Cal-
ibration was performed by the wuse of carbonyl cyanide-m-
chlorophenylhydrazone as described previously (32). Cadmium (10 pum
or 100 uM) or magnesium (100 um) were added to the samples 80 s after
the beginning of the acquisition.

RESULTS

A consensus topology prediction (35) was generated to verify
whether prokaryotic MntH could assume a transmembrane
organization similar to eukaryotic Nramp. Algorithms using
different approaches that performed best in test predictions

(36-38) were employed. Memsat is a dynamic program using
statistical amino acid distribution derived from well character-
ized membrane proteins and five structural states (inside loop,
inside helix end, helix middle, outside helix end, and outside
loop), to recognize possible topology models and produce a list
of all possible topologies and number of TMDs (39). TMHMM
uses hidden Markov simulations that implement a model de-
fined by seven structural classes of residues constituting a
membrane protein (40). To increase the accuracy of our predic-
tion, we performed a PHDhtm transmembrane topology pre-
diction using the evolutionary information (41) contained in a
representative set of MntH A proteins from Gram-positive and
-negative species and the Deinococcus group. In addition, an E.
coli MntH A (EcoliA) hydropathy profile was inspected using
the amino acid hydrophobicity scale of Kyte and Doolittle and
a sliding window of 19 residues that discriminates best poten-
tial transmembrane helices (42). The combined results of these
approaches were very consistent with those obtained with eu-
karyotic Nramp sequences (7) and yielded a predicted topology
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TasLE IIT
Characterization of EcoliA Blam constructs

The abbreviations used include the following: A, ambiguous; Amp®, ampicillin resistance; NA, not applicable; NT, not tested; P, periplasmic; RF,
random fusion; TF, targeted fusion; TI, targeted insertion; TM, transmembrane.

R

Blam fusion point Methods Amp Sensitivity to Manganese (1) Suppress HfIBI1 (Ts) defect Location
pg/ml
Phe?®® RF >300 NT NT P
Gly*® RF >300 NT NT P
Alalss TF 45 NT NT ™
Leu'™ TI >300 - - P
Phe?*® RF >300 NT NT P
Phe?%? TI >300 - + P
Val3>° RF >300 NT NT P
Thr37* RF 100 NT — A
Met?7? RF 200 NT NT A
Gly®™® RF 200 NT NT A
Leu*®* RF >300 - +/— P
Leu*'? TI >300 + ++ P
EcoliA NA NA ++ +++ NA
Leu*'%-c-Myc TI NA + ++ NT

with the N terminus cytoplasmic, followed by 11 TMDs and the
C terminus extracytoplasmic (Fig. 1).

To validate this prediction experimentally, we used different
enzymes as topological reporters of the periplasmic and cyto-
plasmic sides of the membrane, namely Blam, the secreted
form of B-lactamase, and Cat, respectively. Blam has been used
as an alternative to the alkaline phosphatase (22) to determine
the topology of different membrane proteins (27, 43); this re-
porter is active in the periplasm and, therefore, confers resist-
ance to ampicillin when fused to or inserted in a region acces-
sible to the periplasmic space (21). The cytoplasmic reporter
Cat has been used in several studies to complement data ob-
tained with either Blam or alkaline phosphatase fusions (44—
46); it confers resistance to chloramphenicol when fused on the
cytoplasmic side of the membrane.

Blam has been reported to be active as an in-frame insertion
that can generate more useful topological information concern-
ing a protein that is functional; on the other hand, randomly
based Blam fusions enable the production of data without any
assumption but can also produce false positive results (25, 21,
47). Both methods were used, limiting the analysis to fusions
that conferred strong resistance to ampicillin, i.e. those fusions
demonstrating periplasmic exposure. The location of Blam in-
sertions was chosen based on the topological prediction (Fig. 1)
and targeted to the N-terminal portion of predicted extracyto-
plasmic loops showing relatively low level sequence
conservation.

The results obtained with Blam are presented in Table III
and Fig. 2, A and B. All fusions conferring ampicillin resistance
above 45 pg/ml were determined to be in-frame; the position of
the preceding residue is indicated in Table III. Most fusions
and insertions were detected in membrane preparations by
Western blot analysis using an «-Blam antibody. Some con-
structs resulted in a significant amount of the low molecular
weight form of immuno-reactive Blam (similar to secreted
Blam), suggesting proteolysis after MntH-Blam fusions were
inserted in the membrane (Phe®® Gly*?, Val3®°, Met®"?, Gly>"8,
and Leu®®* (Fig. 24) and Phe?®® and Leu*'? (Fig. 2B)). In one
case, a low amount of fusion protein correlated with low level
Blam activity (Ala'®®) in accordance with previous studies
showing that the level of ampicillin resistance does not corre-
late with the level of expression of Blam fusion proteins (43, 48,
49). Hence, the two fusions that conferred lower levels of am-
picillin resistance (Ala'®® and Thr®"!) differed significantly in
their expression levels, although both were detected predomi-
nantly as Blam fusions with negligible proteolysis. This sug-
gested that the two fusion points were located within a TMD,

resulting in sub-optimal exposure of the Blam in the periplasm
and, consequently, in a relatively lower level of ampicillin re-
sistance. Three independent in-frame fusions indicated a result
that is in contradiction with the prediction that placed the loop
between TMDs 10 and 11 on the periplasmic versus the cyto-
plasmic side of the membrane (ambiguous location; Table III).

The three targeted Blam insertions obtained all conferred
strong ampicillin resistance; two of them retained some func-
tional activity as their expression conferred sensitivity to Fe?*
(supplemental data 1) and suppressed the AfIB1 (Ts) defect
(Phe?%, Leu*'2; Table III). They differed in their toxicity and
functional activity levels, which seemed proportional to the
expression levels detected using the a-Blam antibody (Fig. 2B).
The targeted insertion Leu'”® was hardly detectable with
a-Blam, and no secreted Blam was detected either (Fig. 2B);
however strong resistance to ampicillin (Table III) implies ex-
pression of the hybrid protein, probably at very low level. No
functional activity was detected with the Leu'” insertion; fur-
ther excision of the Blam reporter, still resulting in a GS
dipeptide insertion, did not restore EcoliA activity (supplemen-
tal data 1). Insertion before the stop codon of either the Blam
polypeptide (Leu*'2) or a c-Myec tag (Leu*'2-c-Myc; Fig. 2C) had
similar impact, as both constructs exhibited close to wild type
MntH activity (Table III). The data indicate that the (fourth)
loop 6/7 (Phe?®?) and the C terminus (Leu*'?) are periplasmic,
consistent with the topological prediction and with most Blam
fusion data.

To prove the predicted cytoplasmic exposure of the loop be-
tween TMDs 10 and 11 (showing that Met®"!, Met®"?, and
Gly3"® in Table III represent methodological artifacts), a tar-
geted fusion of Cat after residue 387 (Lys387-Cat) was con-
structed; additional Cat fusion points in the loops 2/3, 6/7, and
8/9 were used as positive controls (Arg®!-Cat, Gly??%-Cat, and
Leu®?%-Cat), based on the prediction (Fig. 1), and an insertion
before the stop codon was used as negative control (Leu*!2-
Cat). This C-terminal Cat insertion did not confer resistance to
chloramphenicol above the background (data not shown); how-
ever, Leu*'?-Cat was strongly expressed and toxic for cells
expressing it, which limited the possible significance of the
result. The addition of an N-terminal His tag was found to
strongly reduce the MntH-c-Myc protein expression level (Fig.
2C) and diminish the toxicity of the Leu*'2-Cat construct. Al-
though this hybrid protein (His-Leu*'2-Cat) was barely detect-
able in Western analysis of membrane preparations using an
antiserum against Cat (Fig. 2D), it retained metal uptake ac-
tivity and did not confer resistance to chloramphenicol (Table
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Fic. 2. Detection of MntH mutant proteins by Western blot analysis. A, E. coli MntH-Blam fusions. B, E. coli MntH-Blam targeted

insertions. C, epitope-tagged MntH (Leu

412

-c-Myc and His-Leu
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-c-Myec). D, E. coli MntH-Cat-targeted fusions. Equal protein amounts (120 pg per

lane unless indicated otherwise) of membrane extracts prepared as described under “Experimental Procedures” were loaded for SDS-PAGE on 12%
polyacrylamide gels. Single-letter amino acid symbols are used with position numbers.

TaBLE IV
Analysis of Cat targeted fusions

Cml® is chloramphenicol resistance, and NT stands for not tested.

Disc assay of metal sensitivity

Constructs Cml®? Suppression of HfIB1 (Ts) defect
FeSO, (1 m) MnCl, (1 m) CoCl, (0.25 m) CdCl,, (0.25 m)
pug/ml mm

EcoliA 4 26 (= 0.5) 14 (+ 0.5) 27(x 1) 37(+1) +++
Vector alone 4 14 (= 0.5) 0 10 (+ 0.5) 21 (*= 0.5) -
Arg®'-Cat 16 NT NT NT NT NT
Gly??5-Cat 16 NT NT NT NT NT
Leu®?*-Cat 12 15(+ 0.2) 0 20 (= 0.5) 28 (+ 1) +/—-
Lys®*"-Cat 12 15(+ 0.2) 0 20 (= 0.5) 29 (+= 1) +/=¢
His-Leu*'2-Cat 4 23 (= 0.5) 0 24 (= 1) 32 (*+ 0.5) +/—
His-Leu*'?-c-Myc 4 22 (+ 1) 0 31(+1) 32 (+ 0.5) +

@ His-Leu®?*-Cat, His-Lys®*"-Cat.

IV). These results confirmed that the EcoliA C terminus is
periplasmic.

Cat fusions after residues predicted to be cytoplasmic con-
ferred accordingly strong chloramphenicol resistance (Arg®!-,
Gly?25., Leu®?*- and Lys®%"-Cat; Table IV). The shorter con-
structs conferred higher levels of resistance. Antibody reactiv-
ity against Cat was detected in membrane preparations of all of
the clones expressing fusions (Fig. 2D). Proteolysis of these
fusions was significant, in particular for Arg®!-Cat; this was
confirmed by metabolic labeling and observation of relatively
low level [*°S]methionine incorporation in a polypeptide of
expected size and decreased protein stability after chasing with
cold methionine (supplemental data 2). The deduced cytoplas-
mic exposure of Lys®®” is consistent with the prediction and all
other results except those of the Blam fusions Thr®"!, Met®",

and Gly3"® (Table III). These three residues precede the puta-
tive topological signal (33*KRVK?®®7; Fig. 1) that is believed to
anchor the cytoplasmic end of TMD11 based on the “positive
inside” rule (47, 48) and on other Cat fusion data obtained with
EcoliA (Table IV). Expression of Leu®2*- and Lys®®*7-Cat did not
confer increased sensitivity to manganese and iron; however,
residual sensitivity to the toxic metals cobalt and cadmium
persisted. Expression of the Blam construct Thr®"! (Table III)
conferred similar low level sensitivity to the heavy metals
cobalt and cadmium (data not shown), although in this con-
struct, TMD10 is predicted to be inserted incorrectly in the
membrane.

Disk assay of MntH-dependent metal sensitivity indicates
alteration of metal transport capacity secondary to mutagene-
sis (Tables III and IV). However, bacterial sensitivity to heavy
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Fic. 3. EcoliA MntH-dependent intracellular accumulation of protons in presence of cadmium (Cd?*). The intracellular accumulation
of protons (i.e. decrease of intracellular pH) after the addition of Cd®>" was determined by a fluorescence assay using ratiometric green fluorescent
protein as described under “Experimental Procedures.” According to the calibration curve, the cadmium-dependent proton transport by wild type
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indicate the addition of 10 um CdCl, (A) and 100 um CdCl, (or MgCl,) (B). Single-letter amino acid symbols are used with position numbers.

metals such as cadmium and cobalt may be overestimated in
this assay because of their inherent cytotoxicity (14). Therefore,
to demonstrate the functional difference between MntH hybrid
proteins (Phe?®® and Leu*'? (Table III) and His-Leu*'2-Cat
(Table IV)) and a truncated form of MntH (fused to Cat) that
still conferred sensitivity to cadmium and cobalt (Leu®?4-Cat,
Table IV), we studied a mechanistic aspect of MntH transport.
Proton-dependent transporters can use the proton electrochem-
ical gradient to drive substrate transport against its concen-
tration gradient. Electro-physiological measurements of
eukaryotic Nramp2 activity showed that intracellular acidifi-
cation accompanied divalent metal intracellular accumulation,
implying proton-metal co-transport (9). To demonstrate the
EcoliA MntH transport function, we examined divalent metal-
dependent intracellular acidification subsequent to MntH ex-
pression using a pH-dependent ratiometric green fluorescent
protein (32, 33).

The data presented in Fig. 3 show that expression of wild-
type EcoliA MntH induced an intracellular acidification after
the addition of Cd?" but not after the addition of Mg?", indi-

cating that a divalent metal substrate for MntH transport (1) is
required for proton transport. MntH insertion mutants exhib-
ited similar activity but with stronger dependence on the con-
centration of Cd?" added (e.g. Fig. 3, A and B, Leu*'? and
Phe?®®, Leu*'?-c-Myc and His-Leu*'2-c-Myc, His-Leu*!%-c-
Myec). In contrast, expression of the mutant Leu®?*-Cat did not
modulate the intracellular pH (Fig. 3), indicating the growth
sensitivity to cadmium observed with this mutant is not likely
due to proton-dependent transport. Expression of the construct
containing the dipeptide GS inserted after Leu'”® showed little
intracellular acidification (supplemental data 1). These results
demonstrate that Blam insertions within a MntH polypeptide
can preserve transport function and validate the topology
determination.

DISCUSSION

To our knowledge, a topological analysis demonstrating the
orientation relative to the membranes of both termini and the
total number of TMDs had not been previously reported for any
member of Nramp family. In this work, we used functional
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Fic. 4. EcoliA MntH consensus transmembrane topology. Residues upstream of Blam fusion point that were obtained by random fusion
and targeted fusion of Cat are surrounded by circles and squares, respectively. Sites of targeted Blam insertions are indicated by inverted triangles.
The last residue (Leu*'?) is indicated by a star symbolizing either Blam-, c-Myc-, or Cat-targeted insertions. Numbers correspond to the residue
positions. CTM indicates a predicted location of the conserved transport motif.

reporters to study the TMDs of Nramp proteins using the
E. coli MntH A (EcoliA) ortholog as a model. The results show
that EcoliA is a type III integral transmembrane protein with
the N terminus cytoplasmic followed by 11 TMDs and the C
terminus exposed on the periplasmic side of the membrane
(Fig. 4).

The periplasmic location of the C terminus of E. coli MntH A
was demonstrated with the C-terminal insertions of the Blam
and Cat reporters that were both functional in conferring bac-
terial sensitivity to Fe?* and Mn?* and preserving divalent
metal-dependent H" -transport. Indeed, only the Blam inser-
tion conferred resistance to ampicillin, whereas Leu*'2-Cat did
not confer chloramphenicol resistance. The intracytoplasmic
location of the EcoliA N terminus was revealed by two random
fusion constructs (Phe®® and Gly*®) that conferred strong re-
sistance to ampicillin; Phe®® appeared predominantly in a
fused form, indicating that Blam membrane insertion was due
to TMD1. As the first TMD is preceded by the sequence
I5RKMR!® (that resembles the likely topological signal preced-
ing TMD11, 384KRVK?®7), these two fusions demonstrate that
the first and last hydrophobic segments of the protein consti-
tutes TMD1. Although Pro and Gly are generally viewed as
“helix-breaking” residues, their structure-based distribution in
known transmembrane helices suggest a likely important
structural role (50), further underscored by their conservation
in Nramp TMDs, e.g. TMDs 1, 6, 9, and 10.

Periplasmic exposure of the predicted extra loop 6/7 was also
established with the targeted Blam insertion Phe?®? that re-
sulted in a bi-functional hybrid protein. This result added
support to that of the Blam fusion obtained within predicted
TMD7 (Phe?%8), which suggested that the carboxyl end of this
transmembrane segment protruded in the periplasm. Both con-
structs Phe?*® and Phe?®® were expressed at significant levels
with apparently low level of proteolysis, indicating a relative
stability within the membrane. The bi-functional MntH Blam
insertion (Phe?®?) provided strong support to believe that the
model presented in Fig. 4 is correct, because it preserved MntH

transport of both divalent metals and protons, which is a hall-
mark of Nramp function. Detection of both Cd?"-dependent
proton transport and increased metal sensitivity (iron, cobalt,
and cadmium) in cells expressing the Blam insertions Phe?53
and Leu*!? imply that the transmembrane topology deduced
from these results describes a functional MntH A protein.

The actual number of the 11 TMDs constituting EcoliA was
derived from the analysis of the 16 fusion or insertion con-
structs that were obtained in five of six extra loops or ends and
in four of six intra loops or ends. Altogether, the Blam con-
structs revealed extra loops between TMDs 1 and 2, 5 and 6, 7
and 8, and 9 and 10, and the Cat constructs indicated cytoplas-
mic exposure of the loops 2/3, 6/7, 8/9 and 10/11. The two intra
loops for which no data were produced (N terminus, intra loop
4/5) both display a significant net positive charge (+5 and +3),
whereas the extra loop 3/4 has a net positive charge of +1. The
amino acid composition bias of these segments thus supports
their deduced localization (51).

The TMD for which no fusion was produced (TMD4) is one of
the most hydrophobic in the E. coli MntH A protein. TMD4 is
devoid of charged residues in MntH B and most MntH A pro-
teins as well as in plant type I sequences, albeit other eukary-
otic sequences and most MntH C sequences possess a con-
served negative charge (Asp or Glu). Nevertheless, rat Nramp2
TMD4 was incorporated as an a-helix into micelles made of
phospholipids and detergent (25), suggesting that the negative
charge, when present, must be located on a side of the trans-
membrane helix that contributes to inter-helix contacts (50).
However, a natural or an induced mutation that introduces a
negatively charged residue in the N-terminal portion of TMD4
is sufficient to knock out both Nramp1 (2) and Nramp2 function
(52). In any case, both the strong hydrophobicity of EcoliA
TMD4 (including 14 strongly hydrophobic residues, Leu, Ile,
Val, and Phe, and five residues frequently found in the lipid-
exposed face of transmembrane helices, Ala and Gly) and its
strong potential for internal helix packing (increased with res-
idues Ser'??, Thr'35 and Thr'®®) together imply, consistent
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with the overall topology prediction, the existence of EcoliA
TMD4.

The targeted Blam insertion in the extra loop 5/6 confirmed
the result obtained with the targeted Blam fusion within
TMD5 (Alal®®). This fusion was expressed at a low level and
conferred a low level of ampicillin resistance; similarly, Blam
insertion Leu'”® was expressed at a very low level under the
conditions tested and lost MntH A functional activity. Insertion
of the dipeptide GS (versus Blam) after the residue Leu'” was
also associated with limited EcoliA activity (both metal sensi-
tivity and cadmium-dependent proton transport; data not
shown). These results are consistent with low level expression
of Leul”-GS construct and indicate that the carboxyl end of
TMD5 is sensitive to mutation. The sensitivity of the TMD5
carboxyl end to insertion mutagenesis would contrast with the
results obtained with TMD7 in which similar mutations
(Phe?*® and Phe?%3) resulted in rather stable polypeptides.
Leu'” is located two residues after a Pro residue that is con-
served among MntH A proteins; the sixth residue after Ala'®®
is either a polar or a charged residue, predicted to be embedded
within the lipid bilayer. Hence, both the amphiphilic character
of TMD5 and the presence of potential conserved structural
determinants may explain the relative sensitivity of this region
to insertional mutagenesis.

All the fusions and insertions that were obtained supported

the consensus prediction consistently, except for three random
fusions that produced an artifact (Thr®"!, Met®"?, and Gly®7®).
This interpretation is supported by the observation that these
fusion points are localized 5—-12 residues upstream of a possible
topogenic signal that would anchor the TMD11 N-terminal end
to the cytoplasmic side of the membrane. Therefore, all the
results obtained strongly support the model derived from the
consensus prediction (Figs. 1 and 4).
The 11 TMD topology (N;,, C,.) of EcoliA resembles more
that of yeast proteins versus animal or plant homologs, which
have 12 TMDs. Nevertheless, the model established in this
study of the E. coli MntH A protein is consistent with the
predictions and data that were generated studying eukaryotic
homologs. The hydrophobic core that is most conserved in
Nramp proteins encompasses TMDs 1-10 and implies strong
structural and functional constraints to maintain both selec-
tive divalent metal transport and proton transport. The find-
ings are consistent with the proposition that eukaryotic Nramp
transporters derived from an ancestral mntH A gene.

Despite relatively low level sequence relationship with each
other, MntH proteins from groups A and B display very similar
hydropathy profiles, suggesting that MntH B proteins could
adopt a transmembrane topology similar to EcoliA. Also, based
on their similarity to eukaryotic Nramp, MntH C proteins
should accordingly display a topology similar to the model
presented, including some MntH CB1 proteins found in lactic
bacteria predicted to contain 12 TMDs and the C terminus
extracytoplasmic. In conclusion, the model established in this
study will be useful for structural and functional studies of
both bacterial MntH and eukaryotic Nramp transporters of
divalent metals and protons.
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