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Dictyostelium amoebae are professional phagocytes, which
ingest bacteria as the principal source of food. We have
cloned the Dictyostelium homologue of human natural
resistance-associated membrane protein 1 (Nramp1) [solute
carrier family 11 member 1 (Slc11a1)], an endo-lysosomal
membrane protein that confers on macrophages resistance
to infection by a variety of intracellular bacteria and proto-
zoa. The Dictyostelium Nramp1 gene encodes a protein of
53 kDa with 11 putative transmembrane domains. The
Nramp1 gene is transcribed during the growth-phase and
downregulated to barely detectable levels upon starvation.
To gain insights into their intracellular localization, we fused
Nramp1 or the vatB subunit of the V-HþATPase with green
fluorescent protein and expressed in cells. Green fluores-
cent protein-vatB was inserted in membranes of all acidic
compartments and the contractile vacuole network and
decorated macropinosomes and phagosomes. Green fluor-
escent protein-Nramp1 decorated macropinosomes and
phagosomes, in addition to intracellular vesicular compart-
ments positive for endosomal SNARE protein Vti1 or vacuo-
lin, a marker of the exocytic pathway. Nramp1 disruption
generated mutants that were more permissive hosts than
wild-type cells for intracellular growth of Legionella pneu-
mophila and Micobacterium avium. Nramp1 overexpression
protected cells from L. pneumophila infection. Evidence is
provided that Nramp1 transports metal cations out of the
phagolysosome in an ATP-dependent process and that
L. pneumophila and M. avium use different mechanisms
to neutralize Nramp1 activity.
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Dictyostelium cells are an excellent experimental system

to study phagocytosis (1–3). During their growth phase,

the cells feed on bacteria, which are the primary source of

food. The dynamics of phagocytosis is very similar in

Dictyostelium and macrophages; in both the cases, particle

adhesion to the cell surface induces local polymerization

of the actin cytoskeleton, leading to pseudopodia exten-

sion, formation of phagocytic cups and phagosomes (1,4–

6). The actin coat around the phagosome disappears in

less than 2 min after ingestion (5,7), and the phagosome

undergoes fusion with the endo-lysosomal compartment

(8,9). Phagocytosis in Dictyostelium is regulated by het-

erotrimeric G-protein-linked signal transduction (5). In

macrophages, the major regulatory network involves cyto-

solic tyrosine kinases of the syk family, which are linked to

the Fcg receptor (10). In both the systems, monomeric G

proteins act as downstream effectors to the actin cyto-

skeleton (3,6). Components of the phagosome-lysosome

fusing machinery or lysosomal enzymes and markers are

also conserved in Dictyostelium and macrophages, con-

firming the ancient evolutionary origin of the phago-

lysosomal apparatus (6,11,12). Dictyostelium cells are

easily amenable to molecular genetic manipulation, such

as generation of null or overexpressing mutants. In addi-

tion, the Dictyostelium genome has been fully sequenced

(13,14), opening a variety of new approaches based on

DNA arrays and proteomics to study phagocytosis. In this

context, it was of interest to see whether Dictyostelium

cells possess genes belonging to the natural resistance-

associated membrane protein 1 (Nramp1) family.

Nramp1 was identified by positional cloning in the mouse

Bcg/Ity/Lsh locus, which controls resistance to infections

by Mycobacteria, Salmonella and Leishmania (15–17). The

mammalian Nramp1 is expressed in the lysosomal mem-

brane of mature macrophages, granulocytes and mono-

cytes (18). Susceptibility to infections by intracellular

parasites in inbred mouse strains is associated with a

single point mutation in TM4 of the protein, which affects

protein targeting, resulting in its accumulation in the endo-

plasmic reticulum (19). A human homologue of mouse

Nramp1 is localized in the long arm of chromosome 2,

polymorphic variants of which have been associated with

susceptibility to tuberculosis and leprosy as well as auto-

immune diseases (17,20).

The mechanism of action of Nramp1 is still debated (21).

The protein belongs to a large family of metal ion trans-

porters, including also Nramp2, a serpentine plasma mem-

brane glycoprotein that transports several metal ions, in

particular iron, manganese and zinc, into the cytoplasm

(22–24). Ectopic expression of Nramp1 in COS cells

(25) and in vivo measurements with metal-sensitive
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fluorescent probes (26) have led to the proposal that

Nramp1 acts as a symporter for protons and divalent

metal ions out of the lysosome (17). According to this

hypothesis, Nramp1 contributes to pH homeostasis

while depleting the lysosomal milieu from metal ions that

are required by several intracellular pathogens to activate

their virulence genes. This notion has been questioned by

other experiments with purified phagosomes, which sug-

gest that Nramp1 acts instead as Hþ/Feþþ anti-porter

pumping ferric ions into the lysosome, thus contributing

to production of oxygen radicals that would kill intracellular

parasites (27–29). Other experiments suggest that

Nramp1 influences the pattern of vacuolar fusion in the

endocytic pathway (30–32). Any hypothesis on Nramp1

function in resistance to microbial infection has to take

into account that many intracellular pathogens, such as

Mycobacteria or Legionella, manipulate the endo-lysoso-

mal pathway. It is therefore of importance to determine

the exact intracellular location of the protein and its fate

during pathogen infection.

Microbes pathogenic for Dictyostelium have been

described long ago (33). Recent studies have shown that

Dictyostelium cells can be used as a model system for

studying infections by Mycobacteria (34) and Legionella

pneumophila (35–38). Micobacterium avium causes

bacteremia, disseminated multiorgan bacterial disease and

pulmonary infections. Legionella pneumophila is known to

be the causative agent of a severe pneumonia. The manip-

ulation of the Nramp1 gene within Dictyostelium allows

the function of the corresponding protein to be analysed

during bacterial infection. This approach may also help in

elucidating the exact role of Nramp1 in human

macrophages.

In this article, we describe the cloning of the Dictyostelium

Nramp1 gene and its expression during development. By

generating green fluorescent protein (GFP)-fusion proteins

with Nramp1 and the vatB subunit of the V-HþATPase, a

marker of the endo-lysosomal pathway (39), we have

examined the intracellular localization of both proteins

and their recruitment in pino- and phagosomes. We have

generated Nramp1 null and overexpressing strains to

study Nramp1 function in bacterial infection and provide

new evidence on the metal-transport properties of the

protein.

Results

Cloning, characterization and transcriptional

regulation of Dictyostelium Nramp1 gene

The consensus transport signature of the Nramp1 gene

family, in addition to the trans-membrane domains (TM), is

highly conserved from bacteria to humans (40). This region

and a sequence downstream of the third TM of human

Nramp1 were chosen to construct two degenerated pri-

mers that were assayed on genomic DNA extracted from

growth-phase AX2 cells. A 619-bp fragment, highly homo-

logous to the expected central region of the gene, was

amplified, and its sequence information used to search for

contiguous sequences in the genomic library assembled

by the Dictyostelium genome project (http://www.dictybase.

org). Using the information derived from the genomic

library and by designing appropriate primers, we progres-

sively cloned and sequenced the entire gene. The final

clone consists of a 1695 bp sequence, which encodes

an open-reading frame of 1602 bp starting at the ATG in

position þ8 with a 111 bp intron from nucleotide þ199 to

nucleotide þ309. Generating and sequencing a cDNA con-

firmed the genomic DNA sequence and the position of the

intron.

The deduced amino acid sequence shows 55% homology

to human Nramp1 and Nramp2 (Figure 1). The highest

degree of sequence conservation is found in the trans-

membrane domains (about 70% homology) and in the

consensus-transport signature (90% homology)

(Figure 1). The highest variability is at the hydrophilic

N- and C-terminal sequences, as usual in the Nramp family

(40). Dictyostelium Nramp1 encodes a protein of 53 kDa,

with 11 putative TM domains (TM8 of human and murine

Nramp1 being absent in the Dictyostelium homologue),

with the conserved intracytoplasmic consensus-transport

signature (40), but no putative N glycosylation sites. On

the basis of sequence analysis by distance matrix to deter-

mine the relative branching of Dictyostelium from the line

leading to humans, Dictyostelium discoideum Nramp1 is

closer to humans than the yeast and Arabidopsis Nramp

homologues (data not shown). This confirms the hypoth-

esis that Dictyostelium diverged much later than plants

and yeast (41,42).

A genomic DNA pattern was generated with five restric-

tion enzymes and hybridized with either the 1350 bp frag-

ment downstream of the intron or the 619 bp probe

corresponding to the central core of the protein, contain-

ing the consensus-transport signature. An identical pattern

was obtained with both the probes, which is consistent

with the Nramp1 gene being present in single copy (data

not shown).

Northern blot analysis of total RNA extracted from axeni-

cally growing cells or cells at different developmental

times showed that the Nramp1 gene is expressed during

growth (t0). Expression declines rapidly upon starvation,

and the mRNA is barely detectable in cells developed for 2

or more hours (Figure 2).

Intracellular pattern of Nramp1(C)-GFP and GFP-

(N)vatB in resting cells, macropinocytosis and

phagocytosis

The distribution of Nramp1 in living cells was studied by

generating a cell line expressing a GFP-fusion protein

under the control of a constitutive actin promoter. As the

protein was expected to label the endo-lysosomal

Nramp1 in Dictyostelium
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Figure 1: Amino acid sequence of Dictyostelium Nramp1 and alignment with other Nramp1-related polypeptides. The Nramp1

sequences from D. discoideum (D. d.), H. sapiens (H. s., NCBI accession no. BAA08907), M. musculus (M. m., Swiss Prot. no. P41251),

D. melanogaster (D. m., AAL13772), C. elegans (C. e., NP_509132), A. thaliana (A. t., NP_178198), S. ceverisiae (S. c., NP_014519) and

E. coli (E. c., NP_311298) were aligned using the MACVECTOR CLUSTAL W program (Blosum matrix). Residues identical in at least five

sequences are shown in dark grey and homologous residues in light grey. Arrows indicate the putative transmembrane domains, with

their relative orientation, in human and murine Nramp1; notice that TM8 is absent in D. d. Nramp1. The conserved transport signature is

framed, and the two sequences used to generate the primers for the initial cloning of D. d. Nramp1 are indicated with segments. D. d.

Nramp1 sequence can be accessed under the number DDB0202615 (http://www.dictybase.org).
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compartment, cells expressing a GFP fused to the vatB

subunit of the vacuolar HþATPase (39) were also gener-

ated and examined in parallel. Co-localization of both the

proteins was also tested, using an antibody against the

vatA subunit of the V-HþATPase in immunofluorescence

experiments.

In resting cells, Nramp1(C)-GFP is located at the periphery

of vesicles of variable size, which are distributed all over

the cytoplasm, in part clustered at a perinuclear site. The

protein is absent from the cell surface or the nucleus

(Figure 3A, top). The perinuclear cluster is present in all

cells that we have examined, independent of fluorescence

intensity. Careful examination at the confocal fluores-

cence microscope showed that several tiny vesicles travel

rapidly outward from and towards the perinuclear cluster

(not shown). Evidence will be presented further below

that this cluster is identical with the trans-Golgi network

(TGN).

Nramp1(C)-GFP is not detected in the contractile vacuole

system, an osmoregulatory organelle in which the vacuo-

lar HþATPase is enriched (43,44). Figure 3A, bottom,

shows progressive confocal sections of a cell expressing

the GFP-(N)vatB subunit. The contractile vacuole appears

as a convoluted bladder and duct network located at the

bottom of the cell in contact with the substratum. Other

vesicles decorated with GFP-(N)vatB but not connected to

the network are also visible, and their number increases in

upper confocal sections of the cell (Figure 3A). As shown

below, these vesicles are part of the endo- and phago-

lysosomal pathway. The morphology of the GFP-(N)vatB-

labelled contractile vacuole network is remarkably similar

to that described with GFP-dajumin, a rather specific

marker of the vacuole network that does not decorate

endosomal vesicles (45).

Immunofluorescence staining with anti-vatA antibody

shows full coincidence between vatA and GFP-(N)vatB

fluorescence, both in the contractile vacuole network and

in isolated vesicles dispersed all over the cell (Figure 3B,

right). In contrast, few vatA-positive vesicles are deco-

rated with Nramp1(C)-GFP, mostly smaller ones, some

of which are scattered in the perinuclear cluster

(Figure 3B, left). Consistent with the in vivo distribution

of GFP-Nramp1 (Figure 3A, top), the GFP-fused protein

fails to co-localize with the vatA-decorated contractile

vacuole network (Figure 3B, left).

The intracellular patterns of Nramp1(C)-GFP and the

vacuolar HþATPase in resting cells thus differ in several

respects: a minority of vesicles are decorated with both

proteins, the V-HþATPase [as detected with both GFP-

(N)vatB and anti-vatA] is massively present in the contrac-

tile vacuole network, whereas Nramp1(C)-GFP is enriched

in a perinuclear cluster.

In terms of position and shape, the perinuclear cluster is

strikingly similar to the Golgi stacks, as detected in

Dictyostelium cells expressing the Golgi marker GFP-

golvesin (46). To confirm its identity with the Golgi, cells-

expressing Nramp1(C)-GFP were permeabilized and

incubated with an antibody specific for the Golgi-associated

protein comitin (47). As shown in Figure 4, the anti-comitin

antibody strongly labelled the core of the cluster deco-

rated with Nramp1(C)-GFP.

The permeabilized cells were also co-labelled with anti-

bodies against Vti1 and vacuolin. Vacuolin is enriched in

vesicles of the postlysosomal pathway (7,48), whereas

Vti1 is a component of a Qb-SNARE complex involved in

multiple vesicle transport and targeting from the TGN to

the early endosomes or lysosomes (49–51). Vti1 deco-

rated most, if not all, vesicles coated with Nramp1(C)-

GFP but very few expressing GFP-(N)vatB. Remarkably,

Vti1 labelled the perinuclear cluster defined by Nramp1(C)-

GFP, similar to comitin (Figure 4). Co-localization with Vti1

suggests that the perinuclear cluster very likely represents

the TGN and vesicles budding from it. The very high

co-localization between Vti1 and Nramp1(C)-GFP also in

vesicles outside the Golgi suggest that Nramp1 is inserted

with Vti1 in the same vesicles and the Vti1 SNARE

complex regulates its transport and docking along the

endosomal pathway.

Vacuolin co-localized with some Nramp1(C)-GFP-deco-

rated vesicles but few if any vesicles decorated with

GFP-(N)vatB (Figure 4). These results are consistent with

the notion that vacuolin is mainly expressed in non-acidic,

postlysosomal vesicles (48) and suggest that Nramp1

might detect an intermediate step in the postlysosomal

pathway.

1.6 Kb

Actin

0 2 4 6

AX2

M FF PC

Figure 2: Expression of the Nramp1 gene during

Dictyostelium development. Total RNA was prepared from

cells shaken in suspension for the time (in hours) indicated on

top or from cells plated on filter and harvested at the stages

indicated (M, mounds; FF, first finger and PC, preculminants).

RNA extraction, electrophoresis and blotting were done as

described in Materials and Methods. The blot was hybridized

with a 32P-labelled DNA fragment of 1350 bp, corresponding to

the amino acid region 84–533. To quantify the relative RNA

amount in each lane, we also hybridized the blot with a DNA

fragment encoding actin (bottom).
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To study in vivo recruitment of Nramp1(C)-GFP or GFP-

(N)vatB during macropinocytosis and phagocytosis,

we incubated cells with either TRITC-dextran, a

fluid-phase marker which is taken up by macropinocytosis

(52), or heat-killed yeast particles, which undergo

phagocytosis (1,5). TRITC-dextran-filled vesicles under-

went fusion with Nramp1(C)-GFP-decorated vesicles

after a lag of 95 seconds at the earliest from macropino-

some formation (Figure 5, left). In pulse-chase experi-

ments, after 5-min chase, all TRITC-dextran-loaded

vesicles were decorated with GFP-(N)vatB but only

25% with Nramp1(C)-GFP (Figure 5, right). At later time

points, the number of vatB-labelled TRITC-dextran vesi-

cles decreased, while Nramp1-labelled vesicles increased

(Figure 5, right). Thus, it appears that macropino-

somes fuse first with GFP-(N)vatB, and shortly

thereafter with Nramp1(C)-GFP-decorated vesicles.

These results confirm previous findings that the

V-HþATPase is recruited very early following endosome

formation (53).

Nramp1(C)-GFP

Nramp1(C)-GFP Merge vatA GFP-(N)vatB Merge

GFP-(N)vatB

vatA

0 1.0 2.5 5.0 7.0

0 0.4 2.2 2.8 4.0

0.5 μm

5 μm

A

B

Figure 3: Dynamics of Nramp1 and vacuolar Hþ-ATPase vatB subunit in living cells visualized by GFP fusion proteins and

co-localization with vatA. (A) Confocal phase-contrast and corresponding GFP fluorescence sections through living cells expressing

Nramp1(C)-GFP or GFP-(N)vatB. The numbers indicate distance in mm from the bottom surface of the cell. The contractile vacuole

network, evidenced by the GFP-(N)vatB decoration, is typically localized in the bottom region of the cell close to the substratum (sections

0–0.4 mm). Note the absence of a similarly decorated structure in corresponding sections of Nramp1(C)-GFP-expressing cells. Nramp1(C)-

GFP is distributed in small vesicles and clustered in part adjacent to the nucleus. The perinuclear distribution of Nramp1(C)-GFP is evident

in the upper section stack (A, sections 5–7 mm), where the nucleus is marked by an asterisk. (B) VatA distribution in AX2 cells expressing

the GFP fusion proteins. The cells were plated on glass coverslip, permeabilized with cold methanol and incubated with anti-vatA

antibodies. Binding was detected with TRITC-labelled anti-mouse IgG. Confocal stacks of two cells are shown. The contractile vacuole

network is labelled with vatA and GFP-(N)vatB, not Nramp1(C)-GFP (section 0.5 mm). Note total superimposition of red and green

fluorescence for vatA and GFP-(N)vatB (right) and partial one for vatA and Nramp1(C)-GFP. Little coincidence is found for the last two

proteins also in the perinuclear cluster. Bars: 5 mm.
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Ingested yeast particles or bacteria were found, within

15 min of incubation, in Nramp1(C)-GFP- or GFP-(N)vatB-

labelled vesicles. Figure 6A shows two cells containing

yeast particles in vesicles decorated with Nramp1(C)-

GFP. Similar results are obtained with GFP-(N)vatB-

expressing cells (not shown). Figure 6A (lower panel)

exemplifies co-localization of vatA and Nramp1(C)-GFP in

a yeast phagosome, indicating that both Nramp1 and the

V-HþATPase are eventually recruited to engulfed phago-

somes. Figure 6B illustrates that both non-pathogenic and

pathogenic bacteria can be found, several minutes after

ingestion, in Nramp1-positive phagosomes. We never

observed Nramp1(C)-GFP or GFP-(N)vatB in phagocytic

cups or around yeast particles just engulfed by the cell,

suggesting that both the proteins are not required for

uptake and phagosome formation. A statistically signifi-

cant kinetic analysis of yeast particle trafficking over time

was not possible, as the number of ingested particles,

particularly with cells expressing GFP-(N)vatB, was very

low and variable. Experiments are in progress to study the

kinetics of phagocytosis with non-pathogenic and patho-

genic bacteria as well as latex beads.

Co-localization of Nramp1(C)-GFP and GFP-(N)vatB

with the acidic marker neutral red

Nramp1(C)-GFP- and GFP-(N)vatB-expressing cells were

incubated with neutral red, a vital stain that becomes

concentrated in autophagic and acidic vacuoles, and has

been widely used in Dictyostelium as marker of lyso-

somes as well as other acidic vesicles. Figure 7 shows

cells expressing the GFP chimaeras and incubated for

10 min with neutral red. In cells expressing GFP-(N)vatB,

neutral red spots and GFP-(N)vatB fluorescence were fully

superimposable, with the exception of the contractile

vacuole network (Figure 7, right). This is consistent with

the finding that the lumen of the contractile vacuole is not

acidic, despite the high concentration of proton pumps in

the membrane, and is not stained by neutral red (54). In

contrast to GFP-(N)vatB, most, but not all, Nramp1(C)-

GFP-decorated vesicles contain neutral red (Figure 7,

left). Thus, GFP-(N)vatB appears to decorate all acidic

vesicles in the cell, whereas Nramp1(C)-GFP is found in

a subclass only of acidic vesicles in addition to non-acidic

vesicles. Similar results were obtained with Lysotracker

red, which however, in our hands was less specific for

acidic vacuoles, as it also labelled the surface of the con-

tractile vacuole network (data not shown).

Effects of Nramp1 gene disruption or overexpression

on intracellular growth of L. pneumophila and

M. avium

Nramp1-null mutants were generated by homologous

recombination as described in Materials and Methods.

Figure 8, left, shows the typical band shift in Southern

blot of a clone (named HSB60) because of insertion of

the blasticidin resistance (bsr) cassette within the

Nramp1 gene. As consequence, no band was expressed

in correspondence to the Nramp1 mRNA in Northern blots

of the HSB60 cells (Figure 8, right). A lower band was

detected by probing with a cDNA probe of 845 bp corres-

ponding to the DNA region downstream of the intron and

upstream of the bsr cassette (Figure 8A), suggesting that

gene disruption leads to expression of a truncated form of

Nramp1 mRNA. It is unlikely that the truncated mRNA is

stable and translated optimally because of the absence of

a polyadenylation signal. Assuming it to undergo transla-

tion, the resulting polypeptide would consists of the first

six TM domains only and would lack the consensus sig-

nature sequence, which is crucial for the activity of the

protein (40). It is therefore likely that a truncated protein

would be non-functional.

Comitin

Vacuolin A

Nramp1(C)-GFP

Nramp1(C)-GFP

Merge

Merge

Vtil Nramp1(C)-GFP Merge

Vtil GFP-(N)vatB Merge

VacuolinA GFP-(N)vatB Merge

Figure 4: Co-localization of GFP fusion proteins with comitin,

vacuolin and Vti1. AX2 cells expressing Nramp1(C)-GFP or GFP-

(N)vatB were plated on glass coverslips. They were fixed, per-

meabilized with cold methanol and incubated with monoclonal

antibodies specific for the Golgi-associated protein comitin, the

exocytic marker vacuolin or the SNARE protein Vti1. For immuno-

labelling, secondary TRITC-labelled IgG was used. The core of the

perinuclear cluster, decorated with Nramp1(C)-GFP, costains with

anti-comitin and anti-Vti1 antibodies. Most vesicles positive for

Vti1 co-label with Nramp1 but not with vatB. Many vesicles deco-

rated with vacuolin co-label with Nramp1(C)-GFP few if any with

GFP-(N)vatB. Bars: 5 mm.
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Figure 5: Recruitment of Nramp1(C)-GFP and GFP-(N)vatB in macropinosomes. (Left) Cells expressing Nramp1(C)-GFP were plated on

glass coverslips and incubated with the fluid-phase tracer, TRITC-dextran. Confocal images were taken every 9.2 seconds. Consecutive images of

a single cell are shown after ingestion of the fluid phase tracer (time: 0 seconds). (A) TRITC-dextran fluorescence, (B) GFP fluorescence and (C)

superimposed red and green fluorescence with contrast phase images (blue). A GFP-uncoated TRITC-dextran-filled vesicle (time: 0 seconds,

arrowhead) re-emerges in the centre of the cell and fuses with Nramp1(C)-GFP after 95 seconds (arrowhead). Note the formation of two endocytic

cups in the upper part of the cell (38 seconds) that leads to ingestion of TRITC-dextran, forming three GFP-uncoated vesicles at time 95 seconds.

(Right) Cells expressing the GFP fusion proteins were pulsed with TRITC-dextran for 5 min under shaking. Excess TRITC-dextran was washed out,

and the cells were plated on glass coverslips. Confocal images were taken after 5–60 min of chase. The number of TRITC-dextran positive vesicles

coated with either Nramp1(C)-GFP or GFP-(N)vatB is plotted over time. For each time point, an average of 50 macropinosomes and 15 cells per

experiment were counted. Mean values of three independent experiments with SD (error bars) are shown. Bar: 5 mm.
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Merge
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Merge

vatA

E. coli

L. pneumophila

Figure 6: Localization of Nramp1(C)-GFP and vatA

with phagosomes. (A) Living AX2 cells expressing the

GFP chimaera were allowed to adhere to glass cover-

slips and incubated with heat-treated yeast particles.

Confocal section images were taken after 15-min incu-

bation. In parallel, cell samples were fixed and treated

with anti-vatA antibodies. Fluorescence and correspond-

ing contrast phase images are shown. Yeast particles

within phagosomes are marked by an asterisk. (B)

Living AX2 cells expressing the GFP fused protein

were pulsed with TRITC-labelled E. coli or L. pneumo-

phila for 15 min, washed and further incubated for 15 or

30 min, respectively. Note that E. coli are taken up much

more avidly than L. pneumophila. In both the cases,

some bacteria are decorated with Nramp1(C)-GFP.

Bars: 5 mm.
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HSB60 mutant cells displayed no defects in the rate of

axenic growth or growth on Escherichia coli lawns. Cells

underwent aggregation and fruiting body formation similar

to the parental AX2 strain, except that postaggregative

development was accelerated by a few hours.

We tested susceptibility to infection by pathogenic bacteria

(L. pneumophila Corby or M. avium) in the mutant, using as

control the AX2 parental strain and cells expressing Nramp1

constitutively. As shown in Figure 9, the intracellular growth

rate of L. pneumophila and M. avium were significantly

higher in HSB60 cells when compared with AX2 cells.

Remarkably, overexpressing Nramp1 under the control of a

constitutive promoter inhibited completely L. pneumophila

not however M. avium growth (Figure 9). We attempted to

rescue the knockout mutant by expressing Nramp1(C)-GFP

under the control of a constitutive promoter. Two indepen-

dent clones were assayed with L. pneumophila.

Interestingly, L. pneumophila intracellular growth was inhib-

ited similar to AX2 cells overexpressing Nramp1 (Figure 9).

Effects of L. pneumophila and M. avium infection on

Nramp1 gene expression

We have shown that the Nramp1 gene is expressed

during growth and repressed in starving cells (Figure 2).

To test whether its expression is altered during infection

with pathogenic bacteria, we incubated AX2 cells either in

medium alone or with pathogenic L. pneumophila or

M. avium strains. The medium is a half-starving medium,

which does not allow cell or bacterial growth, but inhibits

cell aggregation over the infection period (35,36). Total

RNA was extracted every 24 h and subjected to electro-

phoresis and hybridization with the Nramp1 probe. As a

control, the Northern blots were also hybridized with vatB

and actin DNA probes. Figure 10 shows a representative

Northern blot and quantitative data of three separate

experiments. Despite high variation in the error bars, a

trend is detectable. In control cells incubated in medium

alone, Nramp1 RNA expression started to decrease at

48 h and was faintly detectable at 72 h of incubation.

This pattern seems to reflect the inhibitory effect on

Nramp1(C)-GFP GFP-(N)vatBNeutral red Neutral redMerge Merge

0.5 μm

3 μm

Figure 7: Co-localization of Nramp1(C)-GFP and GFP-(N)vatB with the acidic fluorescent marker neutral red. AX2 cells expressing

the GFP fusion proteins were incubated with neutral red for 5 min, washed and allowed to adhere to a glass coverslip for 10 min before

observation. Neutral red fluorescence, GFP fluorescence and superimposed red and green fluorescence with contrast phase are shown.

Neutral red does not label the contractile vacuole network (section 0.5 mm), otherwise all neutral red spots are coated with GFP-(N)vatB

but only some of them with Nramp1(C)-GFP. Bars: 5 mm.
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Figure 8: Nramp1 gene disruption in HSB60 cells. Mutant HSB60 was generated by homologous recombination of parental AX2 cells

as described in Materials and Methods. DNA and total RNA were extracted from AX2 or HSB60 cells and subjected to (left) Southern or

(right) Northern blot. The Southern blot was hybridized with a cDNA of 1390 bp, covering the region of the Nramp1 gene downstream of

the intron. The Northern blot was hybridized with (A) cDNA probe I of 845 bp, covering the region þ1/845, and (B) cDNA probe II, which

covers the region þ846/1593. A band shift because of insertion of the bsr cassette is evident in the Southern blot. In Northern blot, a

lower band is labelled with DNA probe I, none with DNA probe II, indicating that a truncated mRNA is produced as a consequence of the

bsr insertion.
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Figure 9: Effects of Nramp1 gene disruption or overexpression on L. pneumophila and M. avium infectiveness. (Left) Cells were

coincubated with 1 � 106/mL L. pneumophila (at a MOI 1:1) in a solution of MB medium (38) in 96-well plates at 24.5 �C. To favour

infection, the plates were centrifuged at 700 � g. per 10 min (38). At the time indicated in the abscissa, adherent cells were removed

from the culture flask and lysed by repeated pipetting. Bacterial colony forming units (cfu) were determined by plating 10-fold dilution

series. The following cell lines were used: AX2, Nramp1-null mutant HSB60, AX2 cells overexpressing Nramp1(C)-GFP (clone C6) and

HSB60 cells transfected with Nramp1(C)-GFP and selected with 20 mg/mL G418 (clones 5.02 and 17). (Right) For M. avium infection, the

cells were co-incubated with 1 � 106 bacteria (at a MOI of 1:2) per millilitre. Three hours postinfection, extracellular bacteria were

removed by washing. The remaining extracellular bacteria were killed by 30-min exposure to 0.2 mg amikacin/mL. Thereafter, the

medium was replaced by medium containing 0.02 mg/mL amikacin (0 time point). At the indicated time intervals, the bacterial numbers

(cfu) were determined by removing and lysing Dictyostelium cells and by plating 10-fold dilution series (39). The figure shows the mean

values of three to six independent experiments, each done in triplicate �SD (error bars) for L. pneumophila and one representative

experiment, in triplicate �SD, for M. avium. The experiments have been repeated several times with L. pneumophila and at least three

times with M. avium with comparable results.
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Figure 10: Effects of L. pneu-

mophila or M. avium infection

on Nramp1 gene expression.

AX2 cells were incubated either

in medium alone (1:1 HL5-med-

ium and Soerensen phosphate

buffer) or with L. pneumophila or

M. avium as described in the

legend to Figure 9 but at a MOI

of 1:100. At the time points indi-

cated, cells were withdrawn from

the culture and RNA extracted

with TRIzol. After electrophoresis

and transfer to Hybond-N mem-

branes, the Northern blots were

hybridized with the DNA probes

indicated on the left. Densimotetric

quantification of Northern blots

from three independent experi-

ments were evaluated using the

IMAGEJ 1.31V software. Mean values

of Nramp1 and vatB expression

have been normalized for the cor-

responding loading control (actin)

at each time point. They are

expressed relative to the values

at time 0 ¼ 1.
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Nramp1 accumulation observed during starving conditions

(Figure 2), except that the mRNA declines much more

slowly, very likely because of the suboptimal nutritive

properties of the medium. Remarkably opposite effects

were observed during infection with M. avium or L. pneu-

mophila. Nramp1 RNA accumulation persisted, and even

increased, over the 48 h of incubation in cells infected

with M. avium, whereas it declined between 24 and

48 h of L. pneumophila infection more rapidly than in

control cells left in medium (Figure 10). Nramp1 RNA con-

tinued to accumulate at 72 h of infection with M. avium

(data not shown). At this time point, results with L. pneu-

mophila could not be evaluated because of some cell lysis

and total degradation of extracted RNA in three separate

experiments. The half-life of most proteins in

Dictyostelium is 4 h; therefore, the drastic Nramp1 RNA

inhibition occurring between 24 and 48 h of Legionella

infection very likely leads to rapid decrease and disappear-

ance of the endogenous protein by 40–50 h of infection. A

dramatic increase for vatB mRNA is evident at 24 h in all

cases, followed by a decrease at 48 h, less pronounced

for cells infected with M. avium. It is known that vatB

expression is modulated by nutrients, being rapidly down-

regulated by washing in nutrient-free medium and upregu-

lated upon cell transfer in axenic medium or non-

pathogenic bacterial culture (39). Thus, we believe that

upregulation at 24 h reflects cell transfer in a medium

containing nutrients although unable to sustain cell

growth. The decrease at 48 h could reflect a starvation

effect as evidenced for Nramp1, but we have no explana-

tion for the lower decrease observed in the presence of

M. avium.

Effects of Nramp1 gene disruption or overexpression

on iron transport across the phago-lysosomal

membrane

It is well established that Nramp1 transports metal ions,

particularly iron, manganese and zinc, but it is debated

whether the ions are transported into or outside the lyso-

somal lumen (17,21). To test whether, also in

Dictyostelium, Nramp1 is involved in metal ion transport

in the phago-lysosome, we purified phagosomes in a

discontinuous sucrose gradient by adapting a procedure

previously used in macrophages (29). As shown in

Figure 11, this procedure leads to a phagosomal fraction,

which is enriched in markers of the endo-lysosomal path-

way, in particular, the membrane proteins VAMP7 (51),

Vti1 (51) and vacuolin A (52). Cytosolic markers, such as

the actin-binding and adenylyl cyclase-associated protein

(CAP) (55) or b-Cop (56), which is associated with vesicles

shuttling between endoplasmic recticulum and Golgi, are

not found in this fraction. In contrast to b-Cop, the soluble

small G-protein Rab7, which associates transiently with

endo-lysosomal vesicles, is present but not enriched as

the membrane proteins, very likely being washed away

during the isolation procedure. Actin, which has been

reported to be a heavy contaminant of phagosomal frac-

tions (57), is also found, but not enriched, in our phagoso-

mal preparation (Figure 11).

As antibodies specific for Dictyostelium Nramp1 are not

yet available, enrichment of Nramp1 in the phagosomal
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Figure 11: Characterization of purified phagosomes. Cells

were incubated with fluorescent latex beads for either 5, 15 or

30 min, washed from unbound beads and chased in buffer for the

time indicated (in min). Phagosomal fractions were purified as

described in Materials and Methods. Total proteins from whole

cells (TC) or purified phagosomes were subjected to SDS–PAGE,

blotted onto nitrocellulose and immunolabelled with antibodies

against the proteins listed on the left. The distribution pattern of

b-Cop (not shown) was the same as Cap. (Upper panel)

Coomassie Blue staining; (lower panel) immunoblots. For each

electrophoresis lane, the same volume of each sample was

used in different immunoblots to allow for internal comparison.

Note, however, from the Coomassie Blue staining, that the

total protein concentration appears to be higher in lanes 1 and 2.

Phagosomal fractions similar to the 30/10 min samples shown

on the right were used for the iron transport studies (Figure 12).

The protein content in the last two right lanes was similar (not

shown).
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fraction was assessed indirectly by immunostaining

phagosomes isolated from cells expressing Nramp1(C)-

GFP with antibodies against GFP. Also in this case, there

is a clear enrichment of Nramp1 in the phagosomal pre-

paration (Figure 11). Although the purification procedure

needs further improvement, its efficiency is comparable to

other methods used with Dictyostelium cells (57), and the

yield obtained is optimal for transport studies.

Transport of divalent cations across the phagosomal mem-

brane was assayed by incubating the purified phagosomes

with radiolabelled iron citrate. To assess the effect of ATP

on iron transport, phagosomes from control, knockout and

overexpressing cells were incubated with iron citrate in

the presence or absence of ATP, and the amount of incorp-

orated iron measured in the b counter. As shown in

Figure 12A, at 23 �C and in the absence of ATP, iron

was incorporated, above the background measured at

0 �C, in phagosomes of both AX2 and Nramp1-overex-

pressing cells, not however in Nramp1-null cells. In the

presence of ATP, iron transport was inhibited both in AX2

and in Nramp1-overexpressing cells. To test whether iron

transport could be reconstituted in the HSB60 mutant

phagosomes by expressing Nramp1(C)-GFP, iron transport

was assayed in two transfected cell lines. As shown in

Figure 12A, iron transport, corresponding to about 50% of

wild-type, was detected in both the clones and was inhib-

ited by ATP. Thus, the GFP chimaera seems to be func-

tional, although we cannot exclude reduced efficiency

because of either the tag or the low level of protein

expression.

In parallel experiments, phagosomes of AX2 cells were

first loaded with iron citrate for 30 min at 23 �C, followed

by addition of ATP. ATP addition resulted in iron efflux

from the phagosomes (Figure 12B).

Taken together, these results indicate that Nramp1 is

required for iron transport across the phago-lysosomal

membrane, and they favour the notion that Nramp1 acts

by depleting the phago-lysosome of iron if an ATP source

is provided. ATP may activate the V-HþATPase, thus lead-

ing to a proton gradient in the phagosomal lumen that

could drive iron export, by coupling it to proton efflux. To

test this hypothesis, we preloaded phagosomes with iron

and the pH of the medium was then increased of about 1

unit with NH4Cl. Increasing external pH led to iron export,

very likely because of concomitant proton efflux from the

phagosomal lumen (Figure 12C).

Discussion

In this article, we have shown that Dictyostelium cells

express Nramp1, a major determinant of natural resist-

ance to intracellular infections in mice and humans (17).

Dictyostelium Nramp1 shows a higher homology to mam-

malian Nramp1 than Nramp2 and is closer to mammalian

Nramps than the bacterial or yeast homologues. Nramp1

gene expression is abruptly downregulated under starving

conditions, although the encoded mRNA is present in

traces throughout development. Under standard labora-

tory conditions, development is unaffected in Nramp1-null
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Figure 12: Iron transport in phagosomes purified from different cell lines. (A) Purified phagosomes, containing latex beads, were

challenged with 5 mM [59]Fe-citrate in (filled bars) presence or (open bars) absence of 1 mM ATP/2 mM MgCl2 and incubated for 30 min at

either 23 �C or on ice, as described in Materials and Methods. The reaction was stopped, by adding 10-fold excess of ice-cold iron citrate.

The phagosomes were pelleted, washed twice, and the incorporated radioactivity was measured in the b-counter after mixing the pellet

with scintillation liquid. The radioactivity bound to phagosomes on ice was similar in the presence or absence of ATP and has been

subtracted from the values shown in the graph. Picomoles of incorporated iron were normalized for the number of phagosomes, by

measuring light transmission of the latex beads suspensions at 540 nm in a spectrophotometer. C6 is an AX2 clone overexpressing

Nramp1(C)-GFP. Clones 17 and 5.02 are two rescue clones of mutant HSB60, which have been transfected with Nramp(C)-GFP and

selected with 20 mg/mL G418. (B) Purified phagosomes of AX2 cells were incubated with 5 mM [59]Fe-citrate for 30 min at 23 �C in the absence of

ATP (filled bar) as described in (A), followed by addition of 1 mM ATP/2 mM MgCl2 and further incubation for 30 min (open bar) before washing

and measuring the incorporated radioactivity. (C) Purified phagosomes of AX2 cells were preloaded with [59]Fe-citrate in the absence of ATP as

described in (B), followed by addition of 15 mM NH4CL for 5 min. The reaction was stopped with excess ice-cold Fe-citrate and the incorporated

radioactivity determined. Mean values of three different experiments, each run in triplicate, with SD (error bars) are shown.
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mutants, although postaggregative development is

accelerated in a few hours. Dictyostelium is thus the low-

est eukaryotic phagocyte, in which Nramp1 could serve a

specific function in bacterial phagocytosis and degrada-

tion, suggesting an ancient evolutionary origin of the

Nramp1-linked resistance mechanism to pathogens. A

second, evolutionary more recent, function of Nramp1 is

its involvement in autoimmune diseases (28).

Disrupting Dictyostelium Nramp1 gene generates cells

that are better hosts than wild-type cells for intracellular

growth of pathogenic Mycobacteria and Legionella

strains, in agreement with the proposed involvement of

Nramp1 in resistance towards invasive bacteria (17,28).

Overexpressing Nramp1 under the control of a constitu-

tive promoter protects efficiently Dictyostelium cells from

L. pneumophila, not however from M. avium infection.

Rescuing the mutant cells by expressing the GFP con-

struct under the control of the constitutive promoter also

resulted in inhibition of L. pneumophila cell growth. This

intriguing result is not surprising in view of the changes in

Nramp1 gene expression during infection. We have

shown that the endogenous Nramp1 mRNA slowly dis-

appears in the half-starving conditions of the medium used

in the infection experiments. Legionella pneumophila

appears to accelerate this process, whereas M. avium

displays a rather stimulatory effect on gene accumulation.

If Nramp1 gene expression is inhibited by Legionella, the

Nramp1 protein will also disappear hours later, making

wild-type cells similar to the knockout cell line. If so,

expressing Nramp1(C)-GFP under the control of the con-

stitutive actin promoter in the knockout background can-

not lead to reconstitution of the AX2 phenotype rather of

AX2 constitutively expressing Nramp1.

Taken together, these results suggest that Legionella and

Mycobacteria use different mechanisms to inactivate

Nramp1 activity, probably linked to different requirements

for the metal ions and/or different compartmentalization

within the host cell.

Nramp1 defines a compartment in the endo-phago-

lysosomal pathway

By expressing Nramp1(C)-GFP, comparing its intracellular

distribution with GFP-(N)vatB, a subunit of the vacuolar

HþATPase, and performing immunofluorescence co-label-

ling with anti-vatA antibodies, we have shown that

Nramp1 and V-HþATPase identify common and distinct

compartments. Nramp1(C)-GFP is located on a subset of

acidic vesicles, detectable with neutral red, in addition to

non-acidic vacuoles. The latter vesicles are, at least in part,

exocytic vesicles, which are positive for vacuolin but nega-

tive for GFP-(N)vatB. In resting cells, very few vesicles

decorated with the vatA subunit of the vacuolar

HþATPase are also positive for Nramp1(C)-GFP, suggest-

ing that the two proteins are mostly in separate compart-

ments. Green fluorescent protein-(N)vatB decorates all

acidic vesicles and the contractile vacuole system, an

osmoregulatory organelle, which is distinct from the

endo-phago-lysosomal compartment (43,45,53,58). The

interconnected vacuolar tubules and cysternae are free

of Nramp1(C)-GFP, which in contrast is found in a distinct

perinuclear vesicular cluster not visible in GFP-(N)vatB-

expressing cells. The perinuclear cluster is found in all

cells, also in very low fluorescent cells, and is duplicated

in case of bi-nucleated cells. As evidenced by the GFP

chimaeras, in Dictyostelium, the cluster is not homo-

geneous. Most vesicles are very small and highly motile,

a few scattered vesicles are acidic, as they co-label with

vatA. We suggest that the cluster is coincident with the

TGN and vesicles budding from it for the following

reasons: (i) the Nramp1(C)-GFP defined perinuclear cluster

co-labels with antibodies specific for the Golgi marker

comitin; (ii) its location and shape are similar to the Golgi

stacks in cells expressing the Golgi marker GFP-golvesin

(46) and (iii) most important, the cluster is co-labelled with

Vti1. Vti1 is a SNARE component required for transport

and docking of vesicles from the trans-Golgi to the endo-

somal pathway (53,54). Dictyostelium Vti1 coprecipitate

with syntaxin 7, suggesting its association with early

endosomal vesicles (52). These findings, and the observa-

tion that most vesicles decorated with Vti1 are positive for

Nramp1(C)-GFP, raise the possibility that the perinuclear

cluster is a trans-Golgi and post-Golgi reservoir of the

endosomal-recycling compartment. Nramp1 is very likely

co-inserted with the Vti1 SNARE complex in the same

vesicles in trans-Golgi, and this complex regulates fusion

of Nramp1-coated vesicles with early endosomes and

phagosomes.

Distribution of Nramp1 in vesicles clustered adjacent to

the nucleus has also been described in immunofluores-

cence studies with macrophage cells (32). They have been

identified as late endosomes, which in macrophages are

located perinuclearly, whereas lysosomes are dispersed

throughout the cytoplasm (59).

Taken together, the intracellular compartmentation of

V-HþATPase and Nramp1, the dynamics of their recruit-

ment during macropinocytosis, the qualitative data on

their targeting in yeast and bacterial phagocytosis, indicate

that, in Dictyostelium, Nramp1 and the vacuolar

HþATPase reside in different compartments are both

absent from nascent endo- and phagosomes but co-asso-

ciated with macropinocytic and phagocytic vesicles,

whether they are immature or whether they have acquired

lysosomal characteristics. In the exocytosis pathway,

Nramp1 marks an intermediate step, characterized by

the co-expression of Nramp1 and vacuolin and the

absence of vatB, followed by a final stage in which vacuo-

lin is present but Nramp1 absent.

It is noteworthy that the Nramp1 distribution in the endo-

lysosomal pathway, which emerges in Dictyostelium

using GFP fusion proteins as a tool, strongly resembles

what has been found in macrophages using antibodies

Nramp1 in Dictyostelium
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against Nramp1 (19,32,60,61). In macrophages, Nramp1 is

localized mostly in late endosomes, although some

co-fluorescence with early endosomal markers, such as

Rab5 and Rab7, was also found (32,60). Upon phagocytosis,

Nramp1 is rapidly recruited to the phagosomal membrane

and remains associated with many types of immature and

mature phagocytic vacuoles (26,60,61).

The high similarity in Nramp1 distribution in Dictyostelium

and macrophages, using a GFP-fused protein in the first or

antibodies in the second case, makes it unlikely that the

GFP tag may have led to mislocalization of the fused

protein to other compartments. As mentioned, plasma

membrane, nucleus, the extended contractile vacuole net-

work as well as nascent endo- and phagosomes are totally

free of Nramp1(C)-GFP. In addition, we have shown that

the GFP chimaera is functional, if expressed in both AX2

or mutant cells, in which the endogenous gene has been

disrupted.

The in vivo studies with TRITC-dextran as a tool to follow

macropinocytosis suggest that endo- and phagosomes

fuse first with vesicles containing vatB, a subunit of the

V-HþATPase, and shortly thereafter with Nramp1. Yeast

particles are suitable for following phagocytosis in vivo and

have been used in the past by other laboratories and us

(1,5). It must be kept in mind, however, that yeasts are

large particles that are taken up at a much lower rate than

bacteria, and their degree of phagocytosis is subject to

high variation from one experiment to the other.

Quantitative kinetic studies of phagocytosis need to be

done with bacteria or latex beads, and they are in progress

in our laboratory. If confirmed with bacteria, our results

with TRITC-dextran would in any case suggest that initial

acidification is the first barrier invasive bacteria have to

cope with. The results on the dynamics of macropinocy-

tosis are in agreement with previous results, which have

shown that, in Dictyostelium, endosomal acidification

starts 1 min after macropinocytosis and within seconds

after the endosome looses its protective coat (7). This

process is delayed of 1–2 min in case of phagosomes

(5). Endosomal acidification increases and persists for

30–40 min, after which the endocytic vesicle becomes

neutral and enters the postlysosomal pathway.

Undigested material is released 1 h after the beginning

of macropinocytosis (7) or even after 2–3 h in the case

of latex beads phagocytosis (Bozzaro, unpublished

results).

Nramp1 depletes iron from the phago-lysosome in an

ATP-dependent process

We have shown that Nramp1 is required for energy-

dependent metal ion transport across the phagosomal

membrane. If the gene is disrupted, as in HSB60 cells,

no iron influx occurs at 23 �C above the background found

at 0 �C. Expressing Nramp1 in the mutant background

restores iron influx. The directionality of iron transport

across the phagosomal membrane is however dependent

on ATP. If an ATP source is provided, iron influx is inhibited

and iron efflux from the phagosome favoured. Altering the

proton gradient with ammonium chloride also leads to

efflux of preloaded iron. Caution is required in interpreting

these results, as direct evidence that Nramp1 mediates

both metal cation influx and efflux is still lacking. Our

results do not exclude the possibility that Nramp1 may

be involved solely in metal cation influx and that the ATP-

dependent iron efflux is mediated by a different transporter.

If we assume that Nramp1 is the major or only metal

cation transporter involved in the process, the present

results would indicate that Nramp1 acts as a symporter

of protons and metal cations in an ATP-dependent

process.

These results may help explaining a long-debated question

on Nramp1 mechanism of action in macrophages. In vivo

assays with a divalent cation-sensitive and pH-resistant

fluorophore, chemically coupled to zymosan, have led

Gros and coworkers (17,26,62) to propose that Nramp1

functions as a pH-dependent and bafilomycin-sensitive

divalent cation efflux pump. Import studies with isolated

phagosomes have instead led to the conclusion that

Nramp1 transports iron into the phagosome (27,63).

However, in the latter studies with isolated phagosomes,

no ATP was added to the phagosomal suspension during

iron uptake. Our results with isolated phagosomes clearly

show that the directionality of iron flux is affected by ATP.

In its absence, a net iron influx is found also in

Dictyostelium phagosomes, whereas influx is strongly

reduced in the presence of ATP. ATP also induces efflux

of previously loaded iron. We propose that ATP is required

for activating the V-HþATPase, leading to proton influx in

the phago-lysosome. Proton efflux through Nramp1 would

then be required for symport activity of Nramp1, thus

depleting the phago-lysosome of iron. The in vivo activity

of Nramp1 will therefore depend on whether or not the

protein co-localizes with the V-HþATPase. If we assume

that the non-acidic, Nramp1-positive vesicles are mostly in

the postlysosomal pathway, then Nramp1 activity during

microbial infection would be mainly regulated by the V-

HþATPase, thus resulting in phagosomal depletion of iron

and other metal ions, which are essential for bacterial

growth, as suggested in their original hypothesis by Gros

and coworkers (26).

Different scenarios can be envisaged for pathogenic

bacteria, which might either inhibit phagosomal fusion with

Nramp1-positive vesicles or block their acidification, thus

neutralizing or even exploiting Nramp1 to their advantage

and/or inhibit Nramp1 expression. In the case of M. avium,

we have shown that (i) its growth rate is higher in Nramp1-

null compared with wild-type cells, (ii) overexpressing

Nramp1 in the wild-type background has no additional

protective effect and (iii) Nramp1 gene expression is not

inhibited rather stimulated during infection. Reduced

fusion to lysosomes increased retention of endosomal

markers, and a rather neutral environment has been
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described in macrophage phagosomes containing living

Mycobacteria (60,64,65), probably as a result of reduced

density of V-HþATPases at the phagosomal membrane

(65,66). Interestingly, a positive effect of Mycobacteria

on Nramp1 gene expression has also been reported in

macrophages (67). Thus, Mycobacteria appear to grow

better in the absence of Nramp1 but can also exploit

Nramp1 to their advantage. It is conceivable that, at neu-

tral pH, Nramp1 is used by Mycobacteria to scavenge iron

required for their intraphagosomal growth as suggested

by Forbes and Gros (17). Experiments are underway to

test this hypothesis.

Unlike M. avium, L. pneumophila proliferates much better

in Nramp1-null than wild-type cells and probably inhibits in

the long-run Nramp1 gene expression. We conclude that

L. pneumophila avoids rather than exploiting the Nramp1

environment, possibly because of different growth

requirements than M. avium. Consistent with this hypoth-

esis, L. pneumophila intracellular growth is efficiently

antagonized by Nramp1 overexpression in the host cell.

In macrophages, it has been shown that, following inter-

nalization, Legionella manipulates the host endo-lysosomal

degradation pathway to survive and to replicate in a

vacuole, which is derived from the endoplasmic reticulum

(68,69). Evidence has been recently provided that this

holds true also for Dictyostelium (37). Interestingly, in

macrophages and monocytes, L. pneumophila delays but

does not abolish the acidification process, and after 18 h

from infection, the bacteria reside and proliferate in an

acidic compartment, although acidification is not a pre-

requisite for growth (70,71). If acidification is not abolished,

Nramp1 neutralization can be better accomplished by inhib-

iting its mRNA expression, which in Dictyostelium would

result in disappearance of the protein within few hours.

We have found no data in the literature concerning

effects of L. pneumophila infection on mammalian

Nramp1 gene expression. The present results are thus

the first report on this possible mechanism, which may be

used by L. pneumophila also in macrophages.

The present results establish Dictyostelium as an excel-

lent host model, complementary to macrophages, for

studying the mechanism of action of Nramp1 and its role

in bacterial infections. Studies are underway to test to

which extent M. avium and L. pneumophila affect phago-

somal fusion with Nramp1-positive vesicles, and whether

this process, the outcome of infection and Nramp1 gene

expression are altered by metal ions.

Materials and Methods

Cell cultures
Dictyostelium discoideum wild-type strain AX2, Nramp1 knockout mutant

HSB60 and all other cell lines were grown axenically in AX2 medium (72),

under shaking at 150 r.p.m and 23 �C. Blasticidin at a concentration of

10 mg/mL was added to Nramp1-null mutant cell cultures. Cells expressing

proteins fused with GFP were cultured in presence of 10, 20 or 60 mg/mL

G418. No differences, except for fluorescence intensity, were found in

intracellular distribution of the fluorescent protein in cells with lower or

higher selection. For starvation, cells were washed twice in 0.017 M Na-K

Soerensen phosphate buffer, pH 6.0, and shaken in the same buffer at the

concentration of 107 per mL (73).

C6 is an AX2 clone overexpressing Nramp1(C)-GFP and clones 5.02 and 17

are two independent rescue clones obtained by transfecting Nramp1(C)-

GFP in the HSB60 background, followed by selection with 20 mg/mL

G-418.

Antibodies
For immunoblotting and/or immunofluorescence, the following antibodies

were used: rabbit polyclonal antibodies against LmpA (74), Rab7 (75) and

against cytoplasmic fragments of Vti1 and VAMP7 (51); mouse monoclonal

antibodies against the vatA subunit of V-HþATPase (76), vacuolin A (48),

comitin (47), Cap (55), GFP (37) and actin (77).

Growth, phagocytosis and infection assays
Cell growth in shaken E. coli bacterial suspension or on bacterial lawn and

phagocytosis of fluorescein isothiocyanate-labelled bacteria was measured

as described (5). Infection and intracellular growth of L. pneumophila Corby

or M. avium were done as described (34,35,38).

Purification of Dictyostelium phagosomes
Phagosomes were purified by adapting to Dictyostelium cells a procedure

established for macrophages (27,29). Briefly, a total of 4 � 108

Dictyostelium cells were mixed with 1-mm latex beads (FluoresbriteTM

carboxy NYO microspheres, Polysciences Inc., Eppelsheim, Germany), at

a ratio of 1:100 in a volume of 50 mL and incubated for 30 min at 23 �C

under shaking. Cells were washed twice by centrifugation at 120 � g and

resuspended in 2 mL of ice-cold homogenization buffer (50 mM Tris-HCl,

pH 7,5; 250 mM sucrose; 1 mM ethylenediaminetetraacetic acid; 1 mM

phenylmethylsulphonyl fluoride; 1 mM Na3VO4). Cells were lysed by filter-

ing through a 3-mm polycarbonate filter (Ge Osmonics Labstore,

Minnetonga, MN, USA). The resulting homogenate was diluted 1:3 with

Soerensen phosphate buffer and centrifuged for 5 min at 150 � g to

remove unbroken cells and large debris. The supernatant was filtered

through a 5-mm Nucleopore filter (Corning, Acton, MA, USA). The filter

was rinsed with 1.5 mL of Soerensen phosphate buffer, and the rinse

was added to the original filtrate. The solution was layered on top of a

discontinuous sucrose gradient, consisting of 3 mL of 12% sucrose on top

of 1 mL 50% sucrose cushion (in 20 mM Tris-HCl pH 7,5), and centrifuged

at 800 � g for 1 h at 4 �C. The phagosomes, evident as a pink band, were

recovered from the 12–50% sucrose interface, diluted threefold with

Soerensen phosphate buffer and placed on top of a 2-mL cushion (12%

Ficoll in 20 mM TRIS-HCl, pH 7.5). The solution was centrifuged at 800 � g

for 60 min at 4 �C, and the pellet was resuspended in Soerensen phos-

phate buffer and used for iron uptake experiments.

In vitro iron import into phagosomal vesicles
Iron import was started by adding an equal volume of fivefold diluted

import substrate solution (20 mM Hepes/Tris pH 6; 30 mM HCl; 5 mM

sodium citrate; 50 mM [59Fe] ferric chloride) to 50 mL of phagosomal vesi-

cles in 1.5 mL centrifuge tubes (29). The final pH in the mixture is between

5 and 5.5 (measured with pH-indicator strips). The experiments were done

in the absence or presence of 1 mM ATP/2 mM MgCl2. After 30 min incu-

bation at 4 �C or 23 �C, the import reaction was terminated by adding

0.5 mL of ice-cold Fe-citrate (0.5 mM in 20 mM TRIS-HCl, pH 7.5).

Phagosomes were washed twice from unincorporated [59]Fe-citrate by

centrifugation at 16 000 � g for 4 min at 4 �C with Soerensen phosphate

buffer. The radioactivity was measured in the b-counter after mixing the

pellet with scintillation liquid. In some experiments, phagosomes were first

loaded with iron for 30 min before adding ATP for additional 30 min.

Preloaded phagosomes were also treated with 15 mM NH4Cl for 5 min

before stopping the reaction with ice-cold Fe-citrate.
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Gene cloning and sequencing
Genomic DNA from growing AX2 cells was prepared as described by

Sambrook et al. (78). Genomic DNA or cDNA were amplified with appro-

priate primers and cloned in either pGEM-T or pGEM-TEasy (Promega,

Madison, WI, USA) according to Sambrook et al. (78). DNA clones were

sequenced with gene-specific primers using automated sequencers (ABI

3700, Perkin Elmer, Norwalk, CT, USA or ALF Express II, Amersham-

Pharmacia Biotech, Uppsala, Sweden). For sequence analysis, the GCG

and ALFWIN 2.0 package softwares were used. Homologous sequences

and sequence tags were routinely searched through the National Centre

for Biotechnology Information or the Dictyostelium Genome Imb-Jena

databases with the BLAST or FAST servers. For sequence alignments

and protein predictions, the MACVECTOR 7.0 software package was used.

Vector construction and cell transformation
For expression of fusion proteins with GFP, the pDEX-GFPN (79) and

pDEX-GFPC vectors (Westphal, unpublished), both containing the consti-

tutive actin-15 promoter, were used. To express GFP-(N)vatB, the vatB-

coding sequence was amplified from the pGEM-T-vatB vector (39) with

two specific primers containing a Cla I site and inserted into the Cla I site of

the pDEX-GFPN vector with (N)vatB connected to S65T-GFP by the linker

KLEFID. To express Nramp1(C)-GFP, the Nramp1-coding sequence was

amplified from the pGEM-TEasy-Nramp1 with two specific primers con-

taining an EcoR I site and inserted into the EcoR I site of the pDEX-GFPC

vector with Nramp1(C) connected to S65T-GFP by the linker EFKKLK.

Cell transformation was done by electroporation (80), and transformants

were selected on plates in nutrient medium containing 10 mg/mL G418. In

some cell lines expressing GFP-fusion proteins, the G418 concentration

was gradually increased to 60 mg/mL to improve fluorescence intensity.

Construction of Nramp1 knockout strains
The bsr, used as selectable marker, was excised from pUCBsrDBam (81)

with Hind III and Xba I. The bsr cassette was ligated, using the ‘DNA

ligation kit’ (Amersham Biosciences Europe, Cologno Monzese, Italy), in

the opposite direction into the unique Cla I site of the 1350 bp Nramp1

sequence downstream the intron region. The vector, carrying the select-

able marker, was linearized with Sph I and Sal I and electroporated into the

parental strain (80). The transformed cell population was splitted in 96-well

plates and grown in the presence of 10 mg/mL of blasticidin. Resistant

colonies were subcloned and screened in Southern blots to identify clones,

in which the Nramp1 gene was disrupted. Three independent clones were

isolated and further studied.

In vivo microscopy and fluorescence imaging
Incubation of living cells expressing Nramp1(C)-GFP or GFP-(N)vatB with

yeast particles or TRITC-dextran was done as described (5,46). Pulse-chase

experiments with TRITC-dextran (Molecular Probes, Eugene, OR, USA)

were done by incubating the cells with 1 mg/mL TRITC-dextran for 5 min

in suspension, washing and plating the cells on a 6 � 6 cm glass coverslip

equipped with a 5-cm diameter Plexiglas ring, subjected or not to agar

overlay (45). For staining acidic vesicles, cells were incubated with 0.1 mM

neutral red (Sigma, St Louis, MO, USA). Confocal serial images were taken

on an inverted Zeiss LSM510 microscope as described (5), except that the

scanning interval was reduced to 7.2 seconds.

Northern and Southern blotting
Total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA,

USA), according to the manufacturer’s instructions. RNA electrophoresis

on denaturing-agarose-formaldehyde gels and Northern and Southern blot

analysis were done as described (39,78).

SDS–PAGE and immunoblotting
Proteins from total cell lysate or purified phagosomes were separated by

electrophoresis in 10% polyacrylamide gels with SDS, blotted onto nitro-

cellulose and incubated with antibodies as previously described (73). For

Western blots, horseradish peroxidase-coupled goat anti-mouse

(Amersham Biotech) or anti-rabbit immunoglobulin G (Santa Cruz

Biotechnologies, Santa Cruz, CA, USA) were used at a dilution of

1:10.000 and revealed by chemiluminescence, using Pierce (Rockford, IL,

USA) Supersignal, according to the manufacturer’s instructions.

Immunofluorescence labelling
For immunofluorescence studies, cells were fixed with cold methanol,

incubated with antibodies and mounted with Gelvatol as described (5).

As second antibody, TRITC-labelled rabbit anti-mouse or goat anti-rabbit

IgGs (Jackson ImmunoResearch, West Grove, PA, USA) at a final concen-

tration of 0.03 mg/mL were used.
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