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Incomplete glycosylation and defective intracellular targeting of mutant
solute carrier family 11 member 1 (Sic11al)
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Solute carrier family 11 member 1 (Slc11al, formerly Nrampl) is
a highly glycosylated, 12 transmembrane domain protein expres-
sed in macrophages. It resides in the membrane of late endo-
somes and lysosomes, where it functions as a bivalent cation
transporter. Mice susceptible to infection by various intracellular
pathogens including Leishmania donovani and Salmonella typhi-
murium carry a glycine to aspartic acid substitution at position
169 (G169D, Gly'® — Asp), within transmembrane domain 4
of Slcllal. To investigate the molecular pathogenesis of infec-
tious disease susceptibility, we compared the behaviour of hetero-
logously and endogenously expressed wild-type and mutant
Slcllal by immunofluorescence, immunoelectron microscopy
and Western-blot analysis. We found occasional late endosome/
lysosome staining of mutant protein using immunoelectron micro-

scopy, but most of the mutant Slc11al was retained within the ER
(endoplasmic reticulum). Using glycosylation as a marker for
protein maturation in two independent heterologous expression
systems, we found that most mutant Slcl1lal existed as an ER-
dependent, partially glycosylated intermediate species. Correct
endosomal targeting of wild-type Slcl1al continued despite dis-
ruption of N-glycosylation sites, indicating that glycosylation did
not influence folding or sorting. We propose that the G169D
mutation causes localized misfolding of Slcl1al, resulting in its
retention in the ER and manifestation of the loss of function
phenotype.

Key words: endoplasmic reticulum retention, glycosylation, intra-
cellular targeting, Nramp1, Slc11al, subcellular localization.

INTRODUCTION

Solute carrier family 11 member 1 (Slcllal, formerly Nrampl)
is an extensively glycosylated, integral membrane protein with 12
putative TMDs (transmembrane domains), which is highly con-
served across species as diverse as human and bacteria. Variants
in Slcllal are associated with susceptibility to infectious and
autoimmune diseases [1]. Slc11al displays a restricted expression
profile including cells of the myeloid lineage [2], a subset of
neurons [3] and endocrine tissues, including the anterior pituitary,
adrenal medulla and pancreatic islets of Langerhans ([4,5]; J. K.
White, unpublished work). In macrophages, Slc11al resides in the
membrane of LE (late endosomes), Lys (lysosomes) and phago-
lysosomes [6,7]. Although the direction of transport is contro-
versial, it is accepted that Slc11al functions as a protein-coupled
bivalent cation transporter regulating cytoplasmic/endocytic bi-
valent cation concentrations [5,8—11].

Slcllal was originally identified in mice for its role in confer-
ring innate resistance to a subset of phylogenetically distinct
intracellular pathogens including Leishmania donovani, Salmon-
ella typhimurium and Mycobacterium bovis BCG [12-14]. A
naturally occurring glycine (wild-type; Slc11al™") to aspartic acid
(mutant; Slc11a1™") missense mutation at amino acid 169, within
TMD4 of Slcl1al, renders mice susceptible to these pathogens.
In fact, SlcIlal™" mice are phenotypically indistinguishable
from Sicllal~/'~ targeted disruption mutants [15]. Furthermore,
insertion of this bulky, negatively charged aspartic acid residue
within TMD4 affects the pleiotropic effects that Slcllal ex-
erts on macrophage activation in vitro (reviewed in [14]). The
molecular mechanism by which the Slcl1al™" allele causes these
profound phenotypic differences in vivo and in vitro remains un-

clear but has major implications with respect to functional
moieties within the protein.

The fate of Slc11al™" protein is controversial with conflicting
observations reported. Vidal et al. [16] and Gruenheid et al. [6]
failed to identify Slc11al™" protein in mutant macrophages either
by immunoprecipitation or by confocal microscopy. However,
using an antibody raised against the N-terminal 82 amino
acids of Slcllal, Atkinson and Barton [17,18] detected a
45 kDa precursor polypeptide in extracts from Slc11al™" parental
RAW264.7 cells. Furthermore, low levels of Slc11al protein were
detected in the membrane of LE and Lys of control and activated
mutant macrophages using fluorescence immunocytochemistry
and immunoelectron microscopy [7,17,18].

To address the molecular pathogenesis of infectious disease
susceptibility, we posed the question of whether the G169D muta-
tion within TMD4 prevents appropriate targeting of Slcllal or
whether the mutant protein reaches the LE/Lys compartment but
the charged residue blocks its function. To answer this, we intro-
duced wild-type and mutant Slc11al into cells and compared their
behaviour by immunofluorescence, immunoelectron microscopy
and Western-blot analysis. The results obtained in the present
study suggest that after synthesis, most of the Slc11al™" protein
exists as a partially glycosylated intermediate form that is retained
within the ER (endoplasmic reticulum).

EXPERIMENTAL
Preparation of expression constructs

Wild-type (Slcllal*, Gly'®) and mutant (Sicllal™, Asp'®)
Slcllal full-length cDNAs were PCR-amplified from pBABE

Abbreviations used: GFP, green fluorescent protein; EGFP, enhanced GFP; endo H, endoglycosidase H; ER, endoplasmic reticulum; LE, late endosomes;
Lys, lysosomes; M6PR, mannose 6-phosphate receptor; Pdi, protein disulphide-isomerase; PNGase F, peptide N-glycosidase F; TMD, transmembrane

domain.
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constructs [19] with primers (5'-TGAATTCCACCATGATTAG-
TGACAAGAGCCC-3' and 5-TGGATCCCCGGAACCCTGC-
ACGC-3') designed to introduce a Kozak consensus site directly
upstream of the ATG and a 5'-EcoRI and inframe 3’-BamHI clon-
ing sites. Products were cloned into the mammalian expression
vector pEGFP-N1 (ClonTech Laboratories, Oxford, U.K.), so
that they were expressed with EGFP (enhanced green fluorescent
protein) at their C-terminus. The two N-linked glycosylation con-
sensus sites in Slc/lal”-EGFP were simultaneously disrupted
by site-directed mutagenesis. Megaprimer technology [20] was
used to convert the distal serine in N*?'SS and the threonine in
N3¥NT into alanine (S323A + T337A). pcDNA3 was modified
in-house by insertion of an 84 bp EcoRI-NotI cassette encoding
a 22-amino-acid 3 x FLAG epitope [21] preceded by a start
methionine and a Kozak consensus site. Wild-type and mutant
Slcllal cDNAs were PCR-amplified with primers (5-AAGC-
GGCCGCCATGATTAGTGACAAGAGCCC-3' and 5-TTGG-
GCCCTCACCCGGAACCCTGCAC-3') designed to introduce
an inframe Notl site adjacent to the endogenous ATG and an Apal
site after the stop codon. Products were cloned into the Notl—
Apal cut, modified pcDNA, so that they were expressed with
3 x FLAG at their N-terminus. All constructs were sequence-
verified with ABI BigDye terminator chemistry, using an ABI377
automated DNA sequencer (Applied Biosystems, Warrington,
Cheshire, U.K.), and prepared in bulk using the EndoFree plasmid
maxi kit (Qiagen, Crawley, West Sussex, U.K.).

Cell culture and treatment

COS7 cells were routinely maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10 % (v/v) fetal calf serum,
50 units/ml penicillin, 50 pg/ml streptomycin, 2 mM L-gluta-
mine and 1 mM sodium pyruvate. The Slc/lal mutant BALB/c-
derived macrophage cell line RAW 264.7 [22] was grown in
RPMI 1640 supplemented as above omitting sodium pyruvate.
For glycosylation analysis, increasing doses of tunicamycin (0.5,
0.75 and 1.0 pg/ml) were added to subconfluent cultures of cells
for 48 h before harvesting. Bone marrow-derived macrophages
from C57BL10/ScSn (Sicllal™) or congenic N20 B10.L-Lsh"
(Slcl1al™) mice [23] were prepared as described in [24] using
L-cell conditioned media. At day 10, primary macrophages
were stimulated for 24 h with 10 units/ml recombinant mouse
interferon y and 1 ng/ml lipopolysaccharide before harvesting.

Antibodies

The rabbit polyclonal antibody to Slcllal (1:1000), prepared
[17] against recombinant fusion protein corresponding to amino
acids 1-82 of murine Slcllal, was a gift from Dr C. H. Barton
(University of Southampton, Southampton, U.K.). The rat mono-
clonal antibody to KDEL (1:500) was provided by Dr S. Munro
(Laboratory for Molecular Biology, Cambridge, U.K.) and the
mouse monoclonal antibody to the C-terminus of human Pdi
(protein disulphide-isomerase; clone 1D3, 1:5) was a gift from
Dr D. Vaux (Dunn School of Pathology, Oxford, U.K.). The rabbit
polyclonal anti-bovine M6PR (mannose 6-phosphate receptor)
antibody, diluted to 1:50 for immunoelectron microscopy, was
kindly provided by Dr S. Pfeffer (Stanford University, Stanford,
CA, U.S.A)) [25]. Commercially available antibodies used in the
present study were two rabbit polyclonal antibodies to GFP [green
fluorescent protein; Molecular Probes, Leiden, The Netherlands
(1:200 for fluorescence immunocytochemistry) and Abcam,
Cambridge, U.K. (1:5000 for Western blotting and 1:50 for
immunoelectron microscopy)], anti-FLAG (M2) mouse mono-
clonal antibody (1:400; Sigma, Poole, Dorset, U.K.), anti-EEA1
(N-19) goat polyclonal antibody (1:100; Santa Cruz, Heidelberg,
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Germany) and anti-Lampl (1D4B) rat monoclonal antibody
(1:100; Developmental Studies Hybridoma Bank, Iowa City, 1A,
US.A)).

Secondary antibodies used for immunofluorescence were
Alexa™594-coupled donkey anti-goat, goat anti-rat and donkey
anti-mouse IgG (1:200) and Alexa™488-coupled goat anti-
rabbit IgG (1:400; Molecular Probes). For Western-blot analysis,
horseradish peroxidase-conjugated rabbit anti-mouse and goat
anti-rabbit IgG were used at 1:8000. For immunoelectron mi-
croscopy, goat anti-rabbit IgG-labelled with 15 nm gold and goat
anti-mouse IgG labelled with 10 nm gold (1:70) were purchased
from Biocell (Cardiff, U.K.). Protein A labelled with 15 or 5 nm
gold (1:70) was from the Department of Cell Biology (Uni-
versity of Utrecht, The Netherlands).

Transfection of cells

For transfection, RAW264.7 cells were grown in 100 mm dishes
to approx. 70 % confluence and transfected transiently or stably
according to the manufacturer’s instructions with 10 ug of
pEGFP-N1 constructs, using Superfect (Qiagen). For transient
transfection, cells were harvested 48 h post-transfection and
sorted on the basis of GFP-positive signal using a Mo Flo cyto-
meter (DakoCytomation, Glostrup, Denmark). Selected cells were
plated on to 8-well chamber slides overnight, then fixed for
immunofluorescence staining. For stable lines, cells were pas-
saged 1:6 into a medium containing 400 pg/ml G418, 40 h post-
transfection. Selectable media were replaced four times for 10—
12 days. Colonies were visualized using an inverted microscope
and picked into 24-well plates.

Transient transfection of COS7 cells is more efficient and was
performed in approx. 70 % confluent six-well plates according to
the manufacturer’s instruction with 1 ug of 3 x FLAG-tagged
constructs using LIPOFECTAMINE™Plus (Invitrogen Life Tech-
nologies, Paisley, U.K.). Protein was harvested for Western-blot
analysis 48 h post-transfection as described below.

Immunofluorescence

For immunofluorescence, cells adhered to chamber slides were
fixed for 20 min at 4 °C with 100 % methanol, rinsed in PBS
then blocked for 1 h at room temperature (21-25 °C) in 0.1 %
Triton X-100/PBS supplemented with 5 % (w/v) skimmed milk
[3 % (v/v) normal donkey serum for anti-EEA1]. Where stated,
cells were permeabilized with 0.05 % saponin in PBS for 90 s
and washed in PBS, before fixation. For co-localization studies,
antibodies were incubated sequentially. Primary antibody, diluted
in blocking buffer, was incubated for 1 h at room temperature.
Slides were washed three times for 5 min in 0.1 % Triton X-
100/PBS. Secondary antibody, diluted in 0.1 % Triton X-100,
PBS supplemented with 1 % skimmed milk (1 % normal donkey
serum for anti-EEA1), was incubated for 1 h at room temperature.
Slides were washed as above, then blocked at room tempera-
ture for an additional 30 min before application of the second
primary antibody. Finally, cells were rinsed in PBS and mounted
in Prolong Antifade (Molecular Probes). Cells were viewed with
a Nikon optiphot-2 epifluorescence microscope coupled with a
Bio-Rad MRC 1000 confocal laser scanning attachment (Bio-Rad
Laboratories, Hemel Hempstead, U.K.). Images were collected
using Lasersharp 2000 software.

Labelling of macrophages with BSA gold

To load Lys, but not LE, cells grown in tissue culture flasks were
incubated with BSA-5 nm gold for 4 h at 37 °C followed by a
20 h chase in conjugate-free medium [26]. BSA-5 nm gold was
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prepared using tannic acid and sodium citrate to reduce gold
chloride as described in [27].

Immunoelectron microscopy

Cells were prepared for ultrastructure immunocytochemistry es-
sentially as described in [28,29]. Cells were fixed with 4 %
(w/v) paraformaldehyde/0.1 % glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.2) at room temperature for 1 h and pro-
cessed for immunocytochemistry. Frozen ultrathin (60 nm) sec-
tions were cut using a Reichert Ultracut T ultramicrotome equip-
ped with a cryochamber attachment (Leica, Milton Keynes,
U.K.). Single staining of GFP and dual staining of GFP and Pdi
were performed using indirect labelling as described in [28,30].
Species-specific secondary antibodies conjugated to 15 nm (GFP)
and 10 nm (Pdi) gold particles were used for detection. Alter-
natively, dual labelling of GFP and M6PR, which were both rabbit
polyclonal antibodies, was accomplished using Protein A-gold
(15 and 5 nm) respectively [31]. Finally, for both techniques, cells
were washed in water and stained with 1.8 % methyl cellulose/
0.3 % uranyl acetate [32]. Sections were observed on a Philips CM
100 transmission electron microscope (Philips Electron Optics,
Cambridge, U.K.) at an accelerating voltage of 80 kV.

Western blotting

Protein was extracted from cell pellets by incubation in 10 vol. of
RIPA buffer (150 mM NaCl, 1 % Nonidet P40, 12 mM deoxy-
cholic acid, 0.1 % SDS and 50 mM Tris/HCI, pH 8), sup-
plemented with protease inhibitors (1 mM dithiothreitol, 1 mM
PMSF, 1 pg/ml leupeptin and 1 pug/ml aprotinin) for 30 min
at 4 °C followed by centrifugation (15000 g, 20 min, 4 °C) to
remove debris. For deglycosylation, 10 pg of protein was treated
with 500 units of PNGase F (peptide N-glycosidase F; New
England Biolabs, Hitchin, Herts., U.K.) for 4 h at 37 °C accord-
ing to the manufacturer’s instructions, except that the initial
denaturation step was performed at 70 °C for 2 min. Western-
blot analysis was performed following standard procedures [33].
Before loading, an equal volume of 2x loading buffer [60 mM
dithiothreitol, 6 M urea, 4 % (w/v) SDS, 20% (v/v) glycerol,
0.02 % Bromophenol Blue and 125 mM Tris/HCl, pH 6.8] was
added and the samples were incubated at room temperature for
30 min. Immunoblotting was performed as described in [33]
and detection was achieved using enhanced chemiluminescence
(ECL®; Amersham Biosciences, Chalfont St. Giles, U.K.).

RESULTS
Subcellular localization of heterologously expressed Slc11a1

Expression of EGFP-tagged wild-type and mutant Slcl1al was
analysed approx. 65 h after transient transfection into RAW264.7
cells using fluorescence immunocytochemistry. The presence of
the EGFP tag provided an alternative to using antibodies against
Slcl1al, which have yielded conflicting results in the literature.
However, EGFP is a large moiety (27 kDa) and the effect of
adding it to the C-terminus of Slcllal was tested. RAW264.7
cells transfected with Slc11al™-EGFP were double-labelled with
anti-GFP and an antibody against either the LE/Lys marker Lamp1
(Figures 1A—1C) or the EE (early endosome) marker EEA1 (Fig-
ures 1D-1F). Consistent with previous findings, Slcllal™'-
EGFP localized in vesicular compartments that co-stained with
Lampl, indicating that normal Slc11al subcellular targeting was
unaffected by the EGFP tag. In contrast, Slc11al™-EGFP gave
a fine, reticular distribution with some perinuclear focusing and
failed to co-localize with either Lamp1 (Figures 1G—11I) or EEA1

(Figures 1J-1L). The pattern observed for mutant Slcllal was
characteristic of the ER. To address this possibility, transiently
transfected macrophages were co-stained for the defined ER
marker KDEL and GFP (Figure 2). Whereas Slcl1al™-EGFP
failed to co-localize with this marker, most of the mutant Slc11al
resided in the KDEL-positive ER compartment (Figure 2F).

Cell lines stably expressing wild-type or mutant, EGFP-tagged
Slcllal were generated to confirm the above observation and
facilitate further studies. G418-resistant clones were genotyped
by PCR and sequenced to establish the presence of the transgene
(results not shown). Positive clones were evaluated for trans-
gene expression using FACS analysis and immunofluorescence
(results not shown). From an initial series of 21 and 19 indepen-
dent wild-type and mutant clones respectively, two lines of each
were selected as stable expressers and found to yield comparable
results. WT3 and MUT12 are representative examples used in
the present study. Consistent with the previous immunofluore-
scence results, wild-type Slcllal localized to the LE/Lys com-
partment of WT3, whereas the bulk of mutant Slcllal was re-
tained within the ER of MUT12. Immunofluorescence alone was
insufficient to determine if any mutant protein progressed beyond
the ER. This was clarified using immunoelectron microscopy.

Immunoelectron microscopy detects low levels
of Slc11a1™! protein in LE/Lys

To investigate the localization of EGFP-tagged wild-type and
mutant Slc11al further, WT3 and MUT12 cells were processed for
immunoelectron microscopy. Dual-labelling cells confirmed the
ER retention of Slcllalmut, observed by immunofluorescence,
for GFP and the defined ER marker Pdi (Figures 3A and 3B).
Slc1lal™ was readily detected within the Pdi-positive ER of
MUT12 (Figure 3B). In contrast, wild-type protein was not ap-
parent in WT3 ER but was seen in membrane-bound vesicular
structures on the same micrograph (Figure 3A).

Anti-M6PR staining was used to define LE. Furthermore, a
pulse—hase strategy using BSA-5nm gold was used to mark
predominantly Lys, and not LE, in WT3 and MUT12. Consistent
with the immunofluorescence results from the present study, and
previous observations [6,7], Slc11al™-EGFP protein, detected
using an anti-GFP antibody, was abundant in the M6PR-labelled
LE compartment (Figure 3C) and BSA-5nm gold-loaded Lys
(Figure 3E) of WT3. Interestingly, in MUT12, occasional co-
localization of Slc11al1™"-EGFP protein with both M6PR-positive
LE (Figure 3D) and BSA-5 nm gold-loaded Lys (Figures 3F and
3G) was detectable, indicating that, at a decreased level, mutant
protein did traffic to its target organelles.

Altered glycosylation state correlates with ER retention

Protein extracts from WT3 and MUT12 were immunoblotted
with an antibody to GFP (Figures 4A and 4B). WT3 yielded
a smear flanking the 97 kDa standard and a 72 kDa band pre-
sumed to correspond to the fully N-glycosylated protein and
the unglycosylated polypeptide respectively (Figure 4A, lane 1).
In contrast, the predominant species in MUT12 extracts was the
72 kDa form (Figure 4A, lane 2). Interestingly, a long exposure
of excess MUTI12 extract revealed some extensively glyco-
sylated, 90—-100 kDa mutant protein (Figure 4B, lane 2). Immuno-
reactive bands of 90-100 kDa fully N-glycosylated protein and
45 kDa unglycosylated polypeptide were reported previously
using Slcllal antiserum [17]. We propose that the 45 kDa band
corresponded to our 72 kDa product. The shift in mobility is con-
sistent with the additional 27 kDa contributed by the EGFP tag.
However, this shift was less apparent in the fully N-glycosylated
smear, which clearly flanked the 97 kDa standard. Abnormal
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Figure 1 Fluorescence localization of EGFP-tagged Sic11a1

Immunofluorescence analysis of the subcellular localization of EGFP-tagged wild-type (A, D) and mutant (G, J) Slc11a1 protein (anti-GFP, green) following transient transfection into RAW264.7
cells. Cells were co-stained (red) either for the LE/Lys marker Lamp1 (B, H) or the early endosome marker EEA1 (E, K). For (D—L), cells were permeabilized with saponin before staining. In the

merged panels (C, F, I and L), yellow (C only) indicates co-localization of signal. Scale bar, 10 zm.

migration of mature Slc11al may be caused by the extensive car-
bohydrate moieties present. To minimize the influence of the tag
on protein migration, an alternative heterologous expression sys-
tem was used. The 22-amino-acid, 3 x FLAG epitope was engin-
eered in frame, directly 5’ of the wild-type and mutant Sicl/al
start codon and the resulting expression constructs transiently
transfected into COS7 cells. Protein was extracted 48 h post-trans-
fection and immunoblotted using an antibody to FLAG (Fig-
ure 4C). A broad smear of mature protein was detected for
wild-type and, to a lesser extent, mutant protein, migrating smaller
than the EGFP-tagged protein and falling within the 90-100 kDa
range previously observed [17] for endogenous Slcllal™. Two
additional lower molecular-mass bands (54 and 47 kDa) of un-
known glycosylation status were detected in similar abundance
for both the wild-type and mutant Slc11al extracts.

This alternative steady-state glycosylation profile could have
been cell-type-specific, expression-level-dependent or related to
the nature or position of the epitope tag. To address this, the
wild-type and mutant Slc11al-EGFP expression constructs were
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transiently transfected into COS7 cells. Three species were
apparent in both wild-type and mutant transfected COS7 cells,
48 h post-transfection; a 90—100 kDa smear (faint for Slc11al™"-
EGFP) and two lower molecular-mass bands of unknown glyco-
sylation status migrating at 72 and 65 kDa (results not shown).
However, 24 h post-transfection, the 72 and 65 kDa species were
dominant, whereas the 90-100 kDa smear was absent (Slc11a1™")
or at very low abundance (Slcllal™), indicating that steady-
state levels of fully glycosylated, mature protein were yet to be
attained (Figure 4D). From this, we concluded that the two lower
molecular-mass proteins were normal, stable precursors in the
COST7 cell glycosylation process, rather than deglycosylated de-
gradation products, and that the difference between RAW and
COS7 transfection results was cell-type-dependent. The anti-
FLAG antibody was found to cross-react with endogenous RAW
cell extracts, precluding the reciprocal experiment to test 3 x
FLAG-tagged constructs in RAW cells.

To remove carbohydrate moieties, protein extracts were treated
exhaustively with PNGase F before Western-blot analysis.
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Figure 2 Localization of mutant Sic11a1 to the ER

Representative examples of immunofluorescence patterns observed for EGFP-tagged wild-type (A) or mutant (D) Sic11a1 protein (anti-GFP, green) in transiently transfected RAW264.7 cells. Cells
were co-stained (red) for the ER marker KDEL (B, E). In the merged panels (C, F), yellow (F only) indicates co-localization of signal. Scale bar, 10 zem.

PNGase F cleaves the asparagine-N-acetyl glycosamine bond that
joins N-linked oligosaccharides to a broad class of glycoproteins.
Treatment caused the EGFP-tagged 90-100 and 72 kDa bands in
WT3 (Figure 5A) and MUT12 (Figure 5B) extracts to disappear
with the concomitant appearance of a 65 kDa immunoreactive
species. Similarly, deglycosylation of extracts from transiently
transfected COS7 cells caused all immunoreactive 3 x FLAG-
tagged protein in both wild-type and mutant transfectants to
resolve as the lower, 47 kDa species (Figure 5C). These results
demonstrate the presence of a partially glycosylated form of wild-
type and mutant Slcllal in both stable macrophage cell lines
(72 kDa) and in transiently transfected COS7 cells (54 kDa). In
line with the immunofluorescence data presented, we hypo-
thesized that the intermediates were products of ER-dependent
glycosylation. As confirmation, WT3 and MUT12 extracts were
treated with endo H (endoglycosidase H) before SDS/PAGE ana-
lysis (results not shown). Endo H cleaves oligosaccharides of the
high mannose and hybrid (ER-dependent) form, but not complex
carbohydrate structures processed in the Golgi apparatus. The
90-100 kDa, fully N-glycosylated protein was endo H resistant.
In contrast, the 72 kDa form shifted to 65 kDa after treatment with
endo H, indicating that it was ER-derived.

Further confirmation was obtained by disruption of the two
highly conserved N-glycosylation sites situated in loop 7 of the
EGFP-tagged Slc11al* expression construct. Site-directed muta-
genesis was used to substitute simultaneously the distal serine
in N*%'SS and the threonine in N*NT with alanine, to create
the N-glycosylation-deficient construct S323A + T337A. Stable
RAW cell lines were generated and assessed for expression as
before. Protein extracts from two stable expressers were analysed
by SDS/PAGE. Results were comparable and are presented
in Figure 6(A) for clone CHO-9. As predicted, removal of the
consensus sites resulted in the absence of both mature (90—
100 kDa) and partially glycosylated (72 kDa) forms of Slcl1al.
The 65 kDa unmodified primary polypeptide was dominant, and a
faint doublet of approx. 85 kDa was evident. This product profile
was reproducible in transient transfections of S323A 4 T337A
into RAW cells (results not shown) and in WT3 cells after
treatment with the GIcNAc transferase inhibitor tunicamycin,
which interferes with N-glycosylation in the ER. WT3 cells were

cultured for 48 h in the presence of increasing concentrations of
tunicamycin. Doses above 1.0 pg/ml caused extensive cell death.
After treatment with doses < 1.0 ug/ml, immunoblotting with an
antibody to GFP revealed the absence of the 72 kDa partially
glycosylated species in conjunction with the appearance of the
65 kDa unmodified precursor polypeptide and a faint 85kDa
product (Figure 6B). Some fully glycosylated mature protein was
visible in extracts treated with tunicamycin. This may indicate
incomplete inhibition of GlcNAc transferase; however, given the
absence of the 72 kDa product, it probably represents persisting
mature protein synthesized before tunicamycin treatment. The
nature of the 85 kDa doublet remains unclear but may indicate
additional post-translational modifications. O-glycosylation is
unlikely since only two weak consensus sites are predicted in
Slcllal and they both reside in the cytoplasmic N-terminal
domain. Phosphorylation is possible since Slcllal is a known
phosphoprotein [16] possessing eight candidate phosphorylation
sites. Alternatively, this form may be targeted for degradation by
ubiquitination, a mechanism for down-regulating proteins post-
translationally. Slcl1al has ten cytoplasmic lysine residues that
could conjugate to ubiquitin. We conclude that the intermediates
identified in our heterologous expression systems are ER-
dependent glycosylated forms of Slcllal. Interestingly, despite
the absence of all N-linked glycosylation, Slc11al™ continued
to co-localize with the Lampl-positive LE/Lys compartment in
the S323A + T337A stable expresser CHO-9 (Figure 6C), and
was not detectable anywhere else, including the Pdi-positive ER
(results not shown). This indicated that glycosylation did not
influence folding and sorting.

Expression pattern of endogenous Sic11a1 confirms
in vitro observations

To establish the fate of endogenously expressed Slcllal™"
protein, bone marrow-derived macrophages from C57BL/10ScSn
(Slcllal™") and congenic B10.L-Lsh" (Slcllal™) mice were
analysed by immunofluorescence. Wild-type (Figures 7A and 7C)
and mutant (Figures 7B and 7D) macrophages were double-label-
led with one of two antibodies against the N-terminus of Slcl1al,
and either the LE/Lys marker Lampl (Figures 7A and 7B)
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Figure 3 EM-gold localization of EGFP-tagged Sic11a1

Representative micrographs showing immunoelectron microscopic localization of EGFP-tagged wild-type (A, C and E) and mutant (B, D, F and G) Slc11a1 in the stable macrophage cell lines WT3
and MUT12 respectively. Cryosections were labelled with a rabbit polyclonal antibody to GFP (15 nm gold; A-D), and either a mouse monoclonal to Pdi (10 nm gold; A, B) or a rabbit polyclonal to
M6PR (5 nm gold; C, D; arrows). (E-G) Lys were detected by preloading cells with BSA-5 nm gold and labelled for Slc11a1 using the anti-GFP antibody (15 nm gold; arrow heads). Two examples

(F, G) are presented for MUT12 because of the low level of staining. Scale bar, 250 nm.

or the ER marker Pdi (Figures 7C and 7D). Merged images
are presented for the published Slcllal antibody [17]. The
other Slcl1al antibody, generated in-house, gave similar results.
Consistent with previous findings, wild-type Slcllal stained a
vesicular compartment that co-localized completely with Lamp1
(Figure 7A, yellow stain) and not with the ER marker Pdi (Fig-
ure 7C). Decreased levels of mutant Slcllal made imaging
difficult. However, the staining that was detectable was reticular
in nature, failed to co-localize with Lamp1 (Figure 7B) and did
partially overlap with the ER marker Pdi (Figure 7D). These ob-
servations suggest that mutant Slc11al expressed endogenously
in bone marrow-derived macrophages behaves in the same
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way as the recombinant proteins expressed in RAW264.7 and
COS7 cells. That is, it is retained within the ER and subsequently
degraded, resulting in a decrease in detectable levels of Slc11al™"
protein.

DISCUSSION

In the present study, we addressed one of the controversies in
Slc11al literature pertaining to the fate of mutant G169D Slc11al
protein in mice. We found that the charged residue within
TMD4 of Slcllal™ resulted in retention of the protein in the
ER, characterized using fluorescence immunocytochemistry as a
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Figure 4 Western-blot analysis of Slc11a1 glycosylation patterns

(A) Extracts (10 g) from the stable macrophage cell lines WT3 (lane 1) and MUT12 (lane 2)
expressing EGFP-tagged wild-type and mutant Slc11a1 respectively, and from untransfected
RAW264.7 cells (lane 3) were separated by SDS/PAGE (10% gel). Immunoblotting was
performed using an anti-GFP rabbit polyclonal antibody (1:5000) and visualized following
a 30 s exposure. Positions of the 72 kDa precursor species and the 97 kDa standard that is
flanked by a broad smear of fully glycosylated mature wild-type Slc11a1 are shown on the left.
(B) 5 g of WT3 (lane 1) and 15 wg of MUT12 (lane 2) extracts were immunoblotted as in
(A) and visualized following a 10 min exposure to facilitate detection of low levels of mature
mutant protein. No staining of untransfected RAW264.7 cells was apparent at this exposure.
(G) COS7 cells were transiently transfected with 3 x FLAG-tagged wild-type (lane 1) and
mutant (lane 2) Slc11a1 and non-recombinant vector (lane 3). Protein was extracted and 10 g
resolved by SDS/PAGE (10% gel), 48 h post-transfection. Immunoblotting was performed
using an anti-FLAG monoclonal antibody (1:400). (D) Comparison of EGFP-tagged Slc11at
expression in RAW and COS7 cells. Extracts (10 @) from MUT12 (lane 1), WT3 (lane 2) and
C0S7 cells transiently transfected for 24 h with Slc11a1*-EGFP (lane 3), Slc11a1™!-EGFP
(lane 4) and non-recombinant pEGFP-N1 (lane 5) were resolved by SDS/PAGE (10 % gel).
Immunoblotting was performed as in (A). Positions of the 47 and 54 kDa (C) and 65 and 72 kDa
(D) precursor species and the 97 kDa standard band are shown on the left.

fine, reticular-staining pattern with some perinuclear focusing. In
two separate heterologous expression systems, Slc11al™" protein
exhibited an altered glycosylation pattern. A major decrease in the
fully glycosylated 90-100kDa form of Slcllal was observed
concomitant with an increase in a partially glycosylated inter-
mediate species. We propose that insertion of the charged residue
at position 169 affects folding of the hydrophobic «-helix that
constitutes TMD4. This localized misfolding results in the protein
being retained by the ER quality control mechanism [34,35]
and, subsequently, degraded. N-linked glycosylation begins in
the lumen of the rough ER with the addition of a common, high-
mannose precursor oligosaccharide. This accounts for the par-
tially glycosylated intermediate detected as the dominant species
by SDS/PAGE analysis in mutant transfectants. These findings are
consistent with current opinion on the fate of misfolded proteins
within the ER [36]. They explain the susceptibility to infection by
L. donovani, S. typhimurium and M. bovis BCG observed in mice
carrying the mutation. This loss of function mutation adds to the
list of disorders caused by defective protein folding/trafficking
[37-39].
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Figure 5 Sensitivity to treatment with the glycoamidase PNGase F

(A, B) The protein extract (10 ng) from the stable cell lines WT3 (lanes 1 and 3) and MUT12
(lanes 2 and 4) was denatured and then incubated for 4 h in the absence (lanes 1 and 2) or
presence (lanes 3 and 4) of 500 units of PNGase F. Samples were resolved by SDS/PAGE (10 %
gel). Immunoblotting was performed using an anti-GFP rabbit polyclonal antibody (1:5000).
After chemiluminescent detection, the blot was exposed for 3 s (A) and 10 s (B). Positions of
the 65 and 72 kDa species and the 97 kDa standard are shown on the left. Some degradation
of the MUT12 sample is apparent. (C) The extracts (10 @) from COS7 cells transiently trans-
fected (48 h) with 3 x FLAG-tagged wild-type (lanes 1 and 3) or mutant (lanes 2 and 4)
Slc11a1 were treated in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of PNGase F,
as described above. Immunoblotting was performed with an anti-FLAG monoclonal antibody
(1:400). Positions of the 47 and 54 kDa species and the 97 kDa standard are shown on the left.
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Figure 6 Targeting unaffected by glycosylation state

Subcellular targeting of wild-type Sic11at to LE/Lys is unaffected by the glycosylation state.
(A) The extracts (10 g) from parental RAW cells (lane 1), WT3 (lane 2) and CHO-9, the
RAW cell clone stably expressing N-glycosylation-deficient Slc11at (lane 3), were resolved
by SDS/PAGE (10 % gel). Immunoblotting was performed using an anti-GFP rabbit polyclonal
antibody (1:5000). (B) WT3 cells were cultured for 48 h with tunicamycin: 0 (lane 1), 0.5 z2g/ml
(lane 2), 0.75 pg/ml (lane 3) and 1.0 wg/ml (lane 4). Protein extracts were prepared and
analysed by Western blotting [SDS/PAGE (12 % gel), 5-20 wg of protein depending on yield]
with anti-GFP rabbit polyclonal antibody (1:5000). Positions of the 65, 72 and 85 kDa proteins
and the 97 kDa standard are shown. (G) CHO-9 cells were methanol-fixed and stained for
GFP combined with Lamp1. A representative example demonstrating the vesicular staining of
N-glycosylation-deficient Slc11a1 clearly co-localizing with Lamp1 is shown. Scale bar, 10 zm.

© 2004 Biochemical Society
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Slc11atwt
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Figure 7 Localization of endogenous Sic11ai

Localization of endogenous wild-type and mutant Slc11a1 in bone marrow-derived macro-
phages. Day 10 macrophages from Sici1al mutant C57BL/10ScSn versus congenic
Slc11a1 wild-type N20, B10.L-Lsh" mice were activated for 24 h with interferon y/lipopoly-
saccharide. After methanol fixation, wild-type (A, C) and mutant (B, D) macrophages were stained
with a polyclonal anti-N-terminal Slc11a1 antibody (green), combined with either anti-Lamp1
(A, B) or anti-Pdi (C, D), both shown in red. Merged images are presented with yellow identifying
the co-localization of wild-type Slc11a1 with Lamp1 and partial co-localization of mutant Slc11a1
with Pdi. Scale bar, 10 z4m.

TMD4 is one of the five Slc11al membrane-spanning domains
that carry a charged amino acid. Aspartate (Asp'”’) at position 13
of the predicted 20 residue TMD4 is conserved in Slc11 homo-
logues from human to yeast. The G169D mutation observed in in-
bred mice occurs at position 5. Periodicity analysis using a helical
wheel projection [12] explains why one is tolerated, whereas the
other causes the protein to misfold. Whereas Asp'” is predicted
to fall within the hydrophilic face of the helix, G169D positions
within the lipid-accessible region of TMD4. Hence, identical
residues located eight amino acids apart can exert profoundly dif-
ferent effects on the fate of the protein.

In the experiments presented, Slc11al™ is fully glycosylated,
presumably in the Golgi apparatus, and then trafficked to its target
organelle (LE/Lys). Mature EGFP-tagged Slcl1lal™ resolved by
SDS/PAGE at a molecular mass lower than predicted. This
abnormal mobility may reflect the disproportionately large net
negative charge added by the extensive N-linked glycosylation,
masking the increase in molecular mass due to the EGFP tag. In-
terestingly, the subcellular localization of N-glycosylation-de-
ficient Slcllal in cell lines stably expressing S323A + T337A
was indistinguishable from that of the wild-type Slc11al, indicat-
ing that glycosylation was not a prerequisite for effective traffick-
ing of this protein. The same approach was taken to study the
closely related family member Slc11a2 (alternatively designated
Nramp2 or DMT1). Consistent with our findings, Tabuchi et al.
[40] demonstrated that correct endosomal localization in non-
polarized cells was observed despite disruption by site-directed
mutagenesis of the two highly conserved N-glycosylation sites
within human SLC11A2.

Consistent with previous observations [7,18] in the stable trans-
fectant MUT12, a low level of fully glycosylated mutant protein
was detected by Western-blot analysis and occasional staining of
both LE and Lys was apparent by immunoelectron microscopy.
It is unclear whether the small amount of Slc11al™" protein that
passes cellular quality control is functional. Substitution with a

© 2004 Biochemical Society

charged residue at the adjacent position within TMD4 of the
highly conserved family member Slcl1a2 is a natural mutation
occurring in microcytic anaemia (mk) mice and Belgrade (b) rats
[41]. This causes a substantial decrease in the amount of detectable
Slc11a2 protein; however, some Slcl1a2-driven bivalent cation
transport activity is retained in mk and b animals [42]. Given the
similarity of the mutation, it is conceivable that residual function
is retained in Slc11al™" mice. If so, it is insufficient to rescue the
infectious disease susceptibility phenotype.

The cytomegalovirus promoter in the pEGFP-N1 expression
vector used in the present study will drive constitutive expres-
sion of the transgene and, thus, yield high levels of Slcllal
protein. This may result in the observed accumulation of mutant
Slc11al within the ER. To confirm that the fate of endogenously
expressed Slcllal was consistent with the results from our
overexpression system, immunofluorescence was performed on
bone marrow-derived macrophages prepared from Slcllal wild-
type and mutant mice. Consistent with previous observations [7],
only severely decreased levels of mutant protein were detectable.
The staining that was seen was reticular in nature and localized
predominantly to the ER, strongly suggesting that Slcllal™"
faces the same fate in vivo as the overexpression system high-
lighted. That is, it is retained by the ER quality control mech-
anism and subsequently degraded. This matches with results from
Slcllal™ BALB/c-derived parental RAW cell extracts, analysed
by Western blot with the anti-Slc11al antibody used in the present
study, where only the ER-dependent precursor polypeptide
(45 kDa) was detectable [18]. In a previous study involving four
antibodies against Slc11al, three detected weak vesicular staining
of endogenous Slc11al™" in bone marrow-derived macrophages,
whereas the fourth did not [7]. In the present study, no vesicular
staining of endogenous Slc11al™" was apparent. This discrepancy
presumably reflects the different detection thresholds of the vari-
ous anti-Slc11al antibodies as the overexpression system clearly
demonstrated that it is possible, albeit at a very low level, for
mutant Slcl1al to evade the cellular quality control mechanisms
and traffic to endocytic vesicles.

Protein misfolding leading to ER retention and degradation
is an increasingly prevalent pathogenic mechanism [37-39].
Examples of diseases caused by misfolded integral membrane
proteins include cystic fibrosis [43], retinitis pigmentosa [44],
ocular albinism type 1 [45] and demyelinating or hypomyelinating
disorders [46]. The murine G169D mutation described in the
present study has not been identified in humans. However, it high-
lights a potentially important mechanism that must be considered
in relation to human SLC11A1 disease association studies when
characterizing putative functional polymorphisms.

In conclusion, we have used a combination of biochemistry
and cell biology to shed light on the molecular basis of innate
Slcllal-mediated susceptibility to infectious disease. We have
identified loss of function by defective subcellular targeting as the
probable pathogenic mechanism of the infectious disease pheno-
type manifest in Slel11al™" mice.
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