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Fluorescence resonance energy transfer links membrane
ferroportin, hephaestin but not ferroportin, amyloid
precursor protein complex with iron efflux
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Iron efflux from mammalian cells is supported by the syner-
gistic actions of the ferrous iron efflux transporter, ferroportin
(Fpn) and a multicopper ferroxidase, that is, hephaestin (Heph),
ceruloplasmin (Cp) or both. The two proteins stabilize Fpn in
the plasma membrane and catalyze extracellular Fe3" release.
The membrane stabilization of Fpn is also stimulated by its
interaction with a 22-amino acid synthetic peptide based on a
short sequence in the extracellular E2 domain of the amyloid
precursor protein (APP). However, whether APP family mem-
bers interact with Fpn in vivo is unclear. Here, using cyan fluo-
rescent protein (CFP)-tagged Fpn in conjunction with yellow
fluorescent protein (YFP) fusions of Heph and APP family mem-
bers APP, APLP1, and APLP2 in HEK293T cells we used fluo-
rescence and surface biotinylation to quantify Fpn membrane
occupancy and also measured *°Fe efflux. We demonstrate that
Fpn and Heph co-localize, and FRET analysis indicated that the
two proteins form an iron-efflux complex. In contrast, none of
the full-length, cellular APP proteins exhibited Fpn co-localiza-
tion or FRET. Moreover, iron supplementation increased sur-
face expression of the iron-efflux complex, and copper depletion
knocked down Heph activity and decreased Fpn membrane
localization. Whereas cellular APP species had no effects on Fpn
and Heph localization, addition of soluble E2 elements derived
from APP and APLP2, but not APLP1, increased Fpn membrane
occupancy. We conclude that a ferroportin-targeting sequence,
(K/R)EWEE, present in APP and APLP2, but not APLP1, helps
modulate Fpn-dependent iron efflux in the presence of an active
multicopper ferroxidase.

Systemic mammalian iron balance is maintained primarily at
the point of iron release into the portal vein at the basolateral
membrane of the intestinal epithelium (1-3). Modulation of
this epithelial iron release is achieved by regulation of the resi-
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dence of the sole iron efflux transporter, ferroportin (Fpn),” in
this membrane. Two proteins are broadly recognized to con-
tribute to the membrane occupancy of Fpn: 1) the multicopper
ferroxidase, hephaestin (Heph), a type Ia membrane protein
expressed by enterocytes (among other tissues) that appears to
interact with Fpn and likely retards Fpn’s normal retrograde
internalization (4-7); and 2) hepcidin, a peptide hormone
secreted primarily by the liver, that binds to Fpn, triggering
Fpn’s ubiquitination and degradation (8 —13). This dual regula-
tory pattern appears to obtain irrespective of the cell type
involved, e.g. intestinal enterocytes or the macrophages that
recycle red cell iron where circulating ceruloplasmin (sCp)
complements the activity of hephaestin (1, 2, 14, 15). This latter
pattern is found also in the abluminal space in the brain where
sCp and its GPI-linked, plasma membrane tethered form func-
tion together with Heph in managing iron trafficking in the
neurovascular unit (6, 16 —18).

Fpn membrane occupancy has been linked to the iron and
copper status of the cell as well. Thus, in cells made copper-
limited by treatment with Cu(I) chelating agents like bathocu-
proine disulfonate (BCS) or tetrathiomolybdate membrane Fpn
declines as does iron efflux as a result of the decrease in copper-
replete, active Heph (6, 19, 20). A similar Fpn down-regulation
has been reported in cells from Cp knockout mice (21). The
effect of iron is less clear with reports of an increase (22, 23) or
a decrease (5) in Fpn surface expression in response to iron
supplementation. Certainly, the former response would be
expected given the role Fpn has in iron efflux; in any case the
mechanism of the response remains unclear.

Recently, a third Fpn—protein interaction that modulates
Fpn membrane occupancy has been identified, one likely criti-
cal to brain iron homeostasis. Bush and co-workers (24) dem-
onstrated that hippocampal neuron Fpn was pulled-down by
soluble amyloid precursor protein (sAPP) and presented data
that indicated the presence of APP correlated with an increase
in cell iron efflux. The mechanism underlying this correlation
subsequently was demonstrated to be the result of a sAPP-Fpn

2 The abbreviations used are: Fpn, ferroportin; Heph, hephaestin; (s)Cp, (sol-
uble) ceruloplasmin; APP, amyloid precursor protein; APLP, amyloid pre-
cursor-like protein; FTP, ferroportin-targeting peptide; BCS, bathocupro-
ine disulfonate; FRET, fluorescence resonance energy transfer; FAS, ferrous
ammonium sulfate; FZ, ferrozine; ROI, regions of interest; PEI, polyethyleni-
mine; GPI, glycosylphosphatidylinositol; CFP, cyan fluorescent protein;
YFP, yellow fluorescent protein: GFP, green fluorescent protein.
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interaction that increased Fpn membrane occupancy in brain
microvascular endothelial cells and in the presence of a multi-
copper ferroxidase, a quantifiable increase in the rate of iron
efflux (6, 25). Thus, in the abluminal space in the brain, sAPP
appeared to suppress the negative regulation of Fpn function
due to the hepcidin released from adjacent glial cells (16, 25).
Previous studies had established the fact that the APP tran-
script includes a 5’ iron response element to which the iron
response protein 1 bound when iron depleted inhibiting APP
synthesis (26, 27). These findings suggested a role for APP in
iron metabolism in the brain, a physiologic function for this
protein most commonly considered in terms of its part in the
pathology of neurodegenerative disease (28). Indeed, “Not just
amyloid,” the title of a recent review (29), reflects on the neu-
rotrophic functions of the amyloid protein family.

Compelling evidence for a physiologic function(s) for APP is
the fact that the APP, APLP2 and APLP1, APLP2 double knock-
out mouse strains die perinatally; APLP1 and APLP2 are the
two APP paralogues. Significantly, only these double KO mouse
lines had such a significant phenotype; all other single and dou-
ble deletions involving these three genes gave rise to limited
or only moderate physiologic deficiencies, e.g. the APP™!/
APLP1™" strain (29 -33). These differences indicate that APP
and APLP2, and APLP1 and APLP2 are redundant with respect
to one or more essential processes. In the case of APP and
APLP2 this includes a role in dendritic architecture, hippocam-
pal long-term potentiation, and thus overall synaptic plasticity.
Importantly, these functions appear to be due to the action of
sAPPa and not the endogenous, full-length protein (34).

With respect to brain iron metabolism (24, 25, 28, 35), among
the sequence motifs expressed in APP and APLP2 and #»ot in
APLP1 is the one associated with sAPP binding to Fpn (24, 25),
a sequence referred to as the “ferroportin targeting peptide”
(FTP) (25). This motif is found in the E2 domains of APP and
APLP2 (Fig. 1A); the sequences shown in Fig. 1C illustrate the
sequence homology between APP and APLP2 and the differ-
ences in the APLP1 protein, whereas Fig. 1B illustrates the FTP
motifin the proteins’ E2 domain aBaC helical motifs. The 22-a-
mino acid FTP in the B-amyloid A4 protein (APP) and its iso-
forms is 100% conserved in all archived mammalian genomes.

In this report, using HEK293 cells as host, we probed the
co-localization of and potential FRET between fluorescently-
tagged fusions of Fpn, Heph, and the three APP family mem-
bers. Co-localization and FRET analyses demonstrate that Fpn
and Heph traffic together to the plasma membrane, whereas
Fpn and APP do not. We demonstrate that iron treatment stim-
ulates increased FRET between Fpn-CFP and Heph-YFP and an
increase in surface-exposed Fpn. In contrast, depletion of Heph
function by copper chelation results in a decrease in both Fpn
cell-surface occupancy and iron efflux. Although cell-associ-
ated, unprocessed APP family members do not influence
plasma membrane localization of Fpn-CFP, the aBaC helical
motifs from APP and APLP2 stimulate the membrane presen-
tation of Fpn and iron efflux, whereas this protein domain from
APLP1 does not. These data suggest that in the brain intersti-
tium APP and APLP2 in their soluble forms, along with sCp (6,
16), play a specific agonist role in ferroportin function in con-
trast to the antagonist role played by hepcidin.
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Figure 1. The APP-Fpn interaction structural motifs. A, schematic of
domain organization of APP and its orthologues with APP secretase-pro-
cessing sites indicated. The E1 and E2 elements comprise the APP ectodo-
main. B, the E2 domain and its five helical motifs. The FTP binding sequence
(shown in Q) is highlighted in red and is found at the C-terminal end of the aB
helix. The aBaC domains were the recombinant proteins used in this report;
in APP this domain consists of residues 318 -408. The structure shown is from
Protein Data Bank 3UMH. C, the FTP sequence in APP and APLP2 and the
corresponding residues in APLP1. The FTP sequence is boxed with the resi-
dues targeted as FTP-specific in bold.

Results

FRET analysis of ferroportin, hephaestin, and APP family
member interaction

HEK293T cells were used as host for the expression of a
C-terminal CFP fusion of Fpn, and C-terminal YFP fusions of
Heph, APP, APLP1, and APLP2; the C termini of all these pro-
teins have a cytoplasmic orientation (36 —38). HEK293 cell lines
have been used extensively for examination of the trafficking of
Fpn and Heph (37, 39 — 43) and GFP fusions Fpn and Heph have
been used effectively in examining the trafficking of these pro-
teins individually in HEK293, HeLa, and Caco-2 cells (23, 44,
45). In addition, iron efflux due to episomally-encoded Fpn has
been demonstrated in HEK293 cells (37, 46). Examination by
epifluorescence of transfected cells expressing Fpn-CFP along
with one of the four YFP fusions indicated co-localization of
Fpn only with Heph (Fig. 2). A major fraction of the Fpn-CFP
was observed in the plasma membrane along with Heph-YFP.

We appreciate that cyan and yellow fluorescent markers
make poor reagents for co-localization analyses. Our use of
these fluors were dictated by our principal objective of obtain-
ing evidence for energy transfer between them to provide
higher resolution of protein—protein interaction than that
afforded by the merging of two fluorescent images. Thus, using
confocal microscopy, the potential association of Fpn-CFP with
one or more of the four YFP protein fusions was probed by
FRET analysis. In this experiment, FRET efficiency was quanti-
fied by the increase in donor fluorescence following photo-
bleaching of the acceptor fluor. A sample of the images
obtained in such an experiment with the Heph-YFP fusion is
shown in Fig. 3; for FRET quantification, membrane-associated
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Figure 2. Localization of fluorescent fusions of Fpn, Heph, APP, APLP1, and APLP2. Epifluorescence images of HEK293T cells co-transfected with plasmids
expressing Fpn-CFP and -YFP fusions of potential partner proteins. Fpn and Heph fusions localize to the plasma membrane, whereas the fusions of APP and its
paralogues are predominantly found in intracellular compartments. Cells were fixed with 4% paraformaldehyde, 4% sucrose in PBS 48 h after transfection.
Images were obtained on a Zeiss Axiolmager fluorescence microscope using a X 10 objective.

Heph-YFP (acceptor) Fpn-CFP (donor)
pre-bleach

pre-bleach

R

.

Figure 3. Acceptor photobleaching to assess Fpn-CFP, Heph-YFP FRET. A, merged image shows both YFP and CFP fluorescence after photobleaching the
acceptor. B, YFP channel showing fluorescence from Heph-YFP fusion before and after photobleaching the acceptor (left panels). CFP channel showing
fluorescence from Fpn-CFP fusion before and after photobleaching the acceptor (right panels). The bleached field is indicated by the red box; FRET intensities
were quantified in the ROI confined to membrane contiguous spaces within these bleached areas. The data were obtained on a Zeiss LSM 510 Meta confocal
microscope using the FRET+ macro.

regions of interest (ROI) were isolated from such fields. Table 1 ~ FRET efficiency that has not been corrected for the fraction of
provides the estimates of the Fpn-Heph proximity based on the = Fpn-CFP in an ROI that is not in association with Heph-YFP (48).
standard R, value for the CFP-YFP pair (47). As discussed later, In contrast to the apparent co-localization of and the FRET
this distance value is likely an overestimate because it isbased ona  quantified between Fpn-CFP and Heph-YFP, there was little or
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Table 1
Calculated FRET efficiency for the Fpn-CFP + Heph-YFP interaction

FRET efficiency is measured as the percent increase in donor fluorescence intensity
(CFP) upon photo-bleaching of the acceptor (YFP). FRET efficiency in cells in which
the acceptor was not photobleached (unbleached, cells outside of the boxed areas),
and in photobleached cells expressing only Fpn-CFP are reported as negative con-
trols. The negative results obtained with YFP-derivatives of APP family members
are noted. Mean = S.D. are based on at least three independent cell measurements
from each of three or more different images. R (A) is the distance between donor and
acceptor fluors, based on an R, of 50 A for the CFP-YFP pair.

FRET efficiency R

Interrogated protein(s)

% A
Fpn-CFP + Heph-YFP 8.16 = 2.97 74.5
Fpn-CFP + Heph-YFP (unbleached field) 3.29 £ 2.76 NS*
Fpn-CEFP alone 1.90 * 1.04 NS

Fpn-CFP + APP-YFP (also, APLP1, APLP2)  Variable, —1to +1
%NS, not significant, estimated values greater than 120 A.

no co-localization apparent between Fpn-CFP and any of the
YEP fusions of APP and its orthologues (Fig. 2). Although these
images were not subject to fluorescence quantification, there
was somewhat more APLP1-YFP than YFP-tagged APP and
APLP2 visualized at the cell surface. These results on this dif-
fering locale of fluorescently-tagged APP and its orthologues
expressed in HEK293 cells were in agreement with those
reported by the Multhaup group (49).

More significantly, there was no FRET quantifiable between
Fpn-CFP and any of the APP family member YFP fusions (Table
1). This result suggests that cellular, full-length APP likely plays
a minor if any role in the localization or activity of Fpn in iron
efflux at the plasma membrane. A similar finding was described
in primary hippocampal neurons in which APP was knocked-
down by an iRNA approach (19). Note that the C-terminal,
cytoplasmic domains to which the fluors were appended in Fpn,
Heph, and the APP proteins were of comparable length (35-45
residues); thus, the lack of FRET between the latter species and
Fpn-CFP cannot readily be ascribed to a difference in linker-
length between Heph and the APP proteins.

Cell iron status: effect on Fpn, Heph localization

There are conflicting reports about the localization of Fpn as
a function of cell iron status; iron repletion has been correlated
with both an increase (23, 50) and decrease (5, 51) in plasma
membrane localization of this iron efflux protein. We used our
fluorescent fusion proteins to quantify the effect of iron treat-
ment both in regards to Fpn localization and Fpn-CFP, Heph-
YFP association. In these experiments, to complement fluores-
cence imaging, Fpn plasma membrane surface occupancy was
quantified by biotinylation and subsequent pulldown of the
biotinylated surface proteins.

The data in Fig. 4 illustrate the effect on Fpn-CFP and Heph-
YEP localization as a result of treatment with 10 uMm ferrous
ammonium sulfate (FAS). In Fig. 44, the trafficking of the two
proteins is visualized qualitatively and indicates an increase in
plasma membrane occupancy of both proteins at 2 h post-iron
treatment. Corresponding to the qualitative increase in CFP
and YFP membrane fluorescence was a quantifiable 30% in-
crease in FRET efficiency 2 h post-treatment (Fig. 4, B and C)
(Table 2). This difference was attenuated at 4 h post-iron treat-
ment and was clearly lost at 8 h. Reasonably, the increase in
FRET efficiency is likely due to an increase in the fraction of the
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Fpn-CFP in association with the partner fluor, but does not
explicitly report on the fraction in the plasma membrane.

In contrast, the biotinylation data provide a quantifiable pat-
tern of change in surface Fpn following iron treatment. In cells
expressing both proteins, a 3-fold increase in surface Fpn-CFP
was quantified 4 h post-iron addition (Fig. 54). In contrast,
when Fpn-CFP was expressed alone, iron treatment stimulated
a ~3-fold increase in plasma membrane localization at 2 h post-
treatment (Fig. 5B). Note that the abundance of both total and
surface-localized Fpn-CFP in these experiments was indepen-
dent of the co-expression of Heph-YFP (¢ = O values in Fig. 5, A
and B).

Overall, these data are consistent with previous reports indi-
cating an increase in Fpn membrane occupancy in iron-replete
cells (23, 50). In this regard, the effect of iron is the inverse of the
down-regulation of this membrane localization caused by hep-
cidin (9, 52, 53). A caveat in comparing results like these is that
the effect of any endocrine modulation of Fpn localization
could be cell-type specific. For example, this programming
might be different in a polarized barrier cell compared with the
HEK293 cells used here.

We note the temporal difference in Fpn surface localization
as quantified by biotinylation (Fig. 54), which peaks at 4 h post-
treatment, versus the increase in Fpn-CFP, Heph-YFP FRET at
2 h (Fig. 4). One possible explanation is that the latter increase
is due partially to cytoplasmic and not a plasma membrane-
localized complex. Another contributor to this difference is
simply the temporal differences in the application of the two
techniques. For the image analysis, cells are fixed at the times
indicated, whereas in surface biotinylation, the time noted indi-
cates reagent addition with a following incubation period only
after which the cells are lysed. None the less, the FRET and
surface biotinylation data support the premise that the initial
effect of iron treatment is to stimulate an increase in the abun-
dance of an Fpn-CFP, Heph-YFP complex.

Cell copper status: effect on Fpn, Heph localization,
ferroxidase activity, and *°Fe efflux

Several studies have demonstrated that Fpn plasma mem-
brane presentation correlates with the level of endogenous
Heph or GPI-linked Cp, or exogenous sCp (6, 16, 25). The level
of Heph is depressed in cells made copper-limited by treatment
with one or more copper chelators, e.g. BCS (membrane imper-
meant) and tetrathiomolybdate (membrane permeant) (6,
54-56). We examined the cell locale of Fpn-CFP and Heph-
YEP in cells treated with BCS, and quantified the effect of cop-
per depletion on the fractional loss of *°Fe over a 24-h period.
The epifluorescence images shown in Fig. 6 demonstrate the
expected effect of Cu(I) chelation, namely a relative decrease in
plasma membrane-localized Heph and Fpn. The effect of the
BCS treatment on efflux of cell iron is quantified by the data
shown in Fig. 7A. First, note HEK cells episomally expressing
Fpn-CFP only (no co-expression of Heph-YFP) exhibit a 3-fold
greater *°Fe-efflux capacity than untransfected, control cells.
Significantly (albeit unexpectedly), co-expressing Heph-YFP
did not support an increase in loss of *°Fe in 24 h. Nonetheless,
the effect of Cu(I) chelation did correlate with the level of total
cell Heph wherein BCS knocks down iron efflux more effec-
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Figure 4. FRET efficiency in HEK cells expressing Fpn-CFP, Heph-YFP following iron treatment. HEK293T cells were transfected with both Fpn-CFP and
Heph-YFP plasmids. Forty-eight hours post-transfection, cells were treated with 10 um FAS for 0, 2, 4, 8, or 24 h before being fixed with 4% paraformaldehyde,
4% sucrose in PBS. A, Fpn-CFP, Heph-YFP merged images after iron treatment for the time periods as indicated. B, heat maps of FRET between Fpn-CFP,
Heph-YFP; C, FRET values were quantified as described in Fig. 3 at each time point. In the scatter plot, *, p < 0.05; ***, p < 0.005. The values for FRET efficiencies
and corresponding R values are given in Table 2. As in Fig. 3, these images were acquired on a Zeiss LSM 510 Meta confocal microscope.

Table 2
Fpn-CFP, Heph-YFP FRET efficiencies following iron treatment

Data analysis as described in Table 1.

Time (h) FRET efficiency R
% A
0 7.39 + 3.02 76.2
2 9.38 = 3.30 73.0
4 7.42 * 3.37 76.1
8 6.90 + 2.19 77.1
24 7.07 = 3.24 76.8

tively in cells expressing only endogenous (less) Heph than in
cells overexpressing this plasmid-encoded multicopper ferroxi-
dase along with Fpn-CFP.

We were cognizant of the fact that our “efflux” protocol did
not specifically interrogate the velocity of cell iron loss in that
we quantified the fraction of iron lost at a single 24-h time
point. Thus, our analysis may have reported only on a fixed,
maximal loss of *°Fe; the fact that co-expression of Heph-YFP
did not support an increase in efflux would be consistent with
this view. An inherent limitation in our protocol is that efflux
experiments are conducted in cells that differ in total accumu-
lated °Fe, differences that would mask the inherent activity of
the efflux complex. However, any change in this specific efflux
activity reasonably would be reflected in a difference in *°Fe
accumulation over the 24-h loading period. The data in Fig. 7B
are consistent with the inference that, for example, co-expres-
sion of Heph-YFP did, in fact, result in an apparent increase in
efflux in as much as cells expressing both Fpn-CFP and Heph-
YFP retained 30% less *°Fe after 24 h compared with cells
expressing Fpn-CFP alone.

To support the inference above concerning the relative
abundance of Heph activity in control versus cells transfected
with Heph-CFP, we quantified the total ferroxidase activity in
both mock-transfected cells and those expressing Heph-YFP as
well as the effect of BCS treatment. In the ferroxidase quantifi-
cation of a cell extract, we compared the loss (oxidation) of
ferrous iron as probed using the Fe(II)-specific chelator, ferro-
zine (FZ) with a standard curve based on hCp as a control fer-
roxidase. These data are provided in the inset in Fig. 7A and are
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Figure 5. Effect of iron on surface expression of Fpn-CFP as determined
by biotinylation. HEK293T cells were transfected with plasmids encoding
Fpn-CFP and Heph-YFP (panel A) or Fpn-CFP alone (panel B). Forty-eight hours
post-transfection, cells were treated with 10 um FAS for 0, 2, 4, 8, or 24 h before
being treated with EZ-Link Sulfo-NHS-SS-Biotin to biotinylate proteins at the cell
surface. Control cells were untreated with FAS. Biotinylated proteins were pulled
down with a Neutravidin column. Samples were probed for surface Fpn-CFP
expression and compared with Fpn-CFP in total cell extracts; a rabbit anti-GFP
antibody was used as probe in these blots. Duplicate blots were probed with
anti-Fpn as an Fpn-specific control (“Experimental procedures”). For the
“total” samples, 10 ug of protein were loaded in each lane; for “surface” the
load represented a constant fraction of “input” to the Neutravidin column.
The Western blotting data were quantified using Image Lab (Bio-Rad), and
the intensities of the Fpn-CFP bands are reported relative to t = 0 h. The
statistical analyses are of data derived from at least three experimental repli-
cates. The blots shown are representative of the quality of the results.
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Figure 6. Localization of Fpn-CFP, Heph-YFP as a function of cell copper status. HEK293T cells co-transfected with plasmids expressing Fpn-CFP and
Heph-YFP were treated with 500 um BCS for 48 h before being fixed with 4% paraformaldehyde, 4% sucrose in PBS. Images were obtained on a Zeiss LSM 510

Meta confocal microscope using a X40 objective.

Fkk

A e ' ' B
Fekkk dekkk *
- Kkk
(-] 501 " I I
0 | | *
$ & - = —
3 40 8 400 -
2 c
5 - *= 5 |F
3 @ -Heph-YFP +Heph-YFP °
2 30 s 5 300 -
= o S =]
T4
° = | E »
5 ol > S 200 4
2 z @
® M o
) (7]
ol T, 5 E 100+
Lo
8 -BCS +BCS -BCS +BCS
0 : : : : : . . .
Q c Q (ol
¢© 9“'0? °* 9“'*? e ¥ 'z,f"‘e6 & &
& ¢ o x0® o 07 0 e
R <© o R &2 M
" o« ,C??
« <"

Figure 7. °°Fe efflux as a function of hephaestin ferroxidase activity. HEK293
and Heph-YFP plasmids. Forty-eight hours post-transfection, treated samples we

T cells were transfected with the Fpn-CFP plasmid alone or with both Fpn-CFP
reincubated with 500 um BCS for 24 h at which point all cells were treated with

1 um *°FeCl, (plus citrate and ascorbate) for 24 h, then washed three times with the citrate uptake buffer. Lysates were prepared from a set of these t = 0

samples (representative data presented in B) and then from cells following a 24-

h efflux period (data presented in A). The *°Fe in all lysates was quantified by

v counting. Percent loss of cell-associated *°Fe following the 24-h efflux period is reported relative to the initial accumulated metal (t = 0 h samples). The inset

quantifies the relative ferroxidase activity in the Fpn-CFP transfectants, either
fold-difference compared with the —BCS, Fpn-CFP sample (see “Experimental pr
0.05; ***, p < 0.005; **** p < 0.001.

reported as the fold-difference compared with the minus BCS,
Fpn-CFP expressing cells. These measured activities are conso-
nant with the conclusions above but do not precisely delineate
the correlation between this activity and Fpn iron-efflux effi-
ciency. One caveat to our use of these episomally-encoded
fusions is that, for example, expressed Heph-YFP may traffic to

SASBMB

control cells or those co-expressing Heph-YFP. The values are reported as
ocedures”). Mean = S.D. are based on three independent experiments. *, p <

the plasma membrane inefficiently and thus express ferroxi-
dase activity that does not contribute to Fpn function.

sAPP and its paralogues: effect on Fpn and Heph localization

A primary objective of this research was to examine the effect
of sAPP and its proposed FTP-containing E2 domain on the
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+APP aBaC

Control

+APLP1 aBaC +APLP2 aBaC

Figure 8. Localization of Fpn-CFP, Heph-YFP in response to addition of FTP and APP orthologues. HEK293T cells co-transfected with plasmids expressing
Fpn-CFP and Heph-YFP were treated with 10 nm APPaBaC, APLP1aBaC, or APLP2aBaC for 48 h before being fixed with 4% paraformaldehyde, 4% sucrose in PBS. The
merged images were obtained on a Zeiss LSM 510 Meta confocal microscope using a X63 objective. Note that the control illustrated is the same control provided in
Fig. 4A; the data for the FRET analyses shown in Fig. 4 and imaging of the samples shown here were collected during the same confocal session.

surface localization of the Fpn, Heph iron-efflux complex. We
sought to answer two questions. First, did the unprocessed,
intracellular forms of any of the APP family members modulate
this surface localization and/or interact with it. The results pre-
sented above indicate that none of these APP proteins do. Sec-
ond, we wished to test the prediction that among the soluble
forms of these APP proteins, SAPLP2 and not sAPLP1 was
physiologically redundant with sAPP in stimulating Fpn, Heph
cell-surface presentation. To answer the latter question, we
expressed and purified the aBaC helical domains of the three
APP orthologues (see “Experimental procedures”) and evalu-
ated their activity in stabilizing the Fpn-CFP, Heph-YFP com-
plex in the plasma membrane and in stimulation of **Fe efflux.
We compared these effects to those obtained using the 22-res-
idue FTP previously demonstrated to promote iron efflux in
brain microvascular endothelial cells (25). The effect of these
three recombinant helical domains on Fpn-CFP, Heph-YFP
localization is shown in Fig. 8; the images are consistent with
the premise that FTP elements in the aBaC motifs from APP
and APLP2 increase plasma membrane localization of both
proteins, an effect not shared by the APLP1-derived species
that lacks this peptide sequence.

This premise was supported by quantification of Fpn-CFP
surface biotinylation as shown in Fig. 9. Indeed, all three species
containing the proposed FTP-specific sequence, REWEE,
increased Fpn surface expression 2—3—fold. These results are in
contrast to those involving the heterologous co-expression of
APP-YFP and Heph-YFP; that is, as noted above, we found no
evidence for co-localization of or FRET between the APP and
Fpn fusions.

sCp and APPaBaC: effect on iron efflux

The *°Fe-efflux activity was quantified in cells expressing
Fpn-CFP treated with sCp or APPaBaC. These data are pre-
sented in Fig. 10. sCp has been shown to increase Fpn-depen-
dent iron efflux and is included here as a positive control. The
expectation was that changes in *°Fe-efflux would parallel
changes in Fpn-CFP surface expression as quantified in Fig. 9.
As noted previously with respect to co-expression of Heph-YFP
(see Fig. 7), increased occupancy of Fpn-CFP in the plasma
membrane was not sufficient to increase in loss of **Fe in 24 h.
There was, however, a modest although statistically significant
increase in iron loss in cells treated with APPaBaC that was
comparable with the effect seen with sCp. APPaBaC supported
a comparable increase in efflux in cells expressing both Fpn-
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Figure 9. Surface localization of Fpn-CFP in response to endogenous
expression and exogenous addition of Fpn-interacting APP ortho-
logues. HEK293T cells were transfected to express Fpn-CFP. Indicated sam-
ples were co-transfected to express YFP (equivalent to empty vector control),
APP-YFP, or Heph-YFP (panel A). During transfection, cells expressing Fpn-YFP
alone were treated with FTP (10 nm), APPaBaC or APLP2aBaC (10 nm) (panel
B). Proteins at the cell surface were biotinylated 48 h post-transfection using
EZ-Link Sulfo-NHS-SS-Biotin, captured on Neutravidin, and eluted samples
probed for Fpn-CFP. The samples probed were input; flow-through, unbound
protein; bound, surface protein. C, bands from total and surface protein sam-
ples were quantified using Image Lab, and the intensity of the Fpn-CFP band
reported relative control samples (Fpn-CFP alone). Mean = S.D. are based on
three independent experiments. **, p < 0.01.

CFP and Heph-YFP. These results parallel those demonstrated
in human brain microvascular endothelial cells, a model system

in which nanomolar sCp or FTP supported a 2.5-fold increase
in ®°Fe-efflux (25).

Discussion

The objective of this research was 2-fold: 1) to provide direct,
in cellulo evidence for a Fpn—Heph complex and 2) to examine
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Figure 10.°°Fe effluxin response to exogenous addition of Fpn-interact-
ing proteins. HEK293T cells were transfected to express Fpn-CFP or Fpn-CFP
and Heph-YFP. Cells were subsequently treated for 24 h with sCp (6.6 nm) or
APPaBaC (10 nm) as indicated and then loaded for 24 h with 1 um>°FeCl; (plus
citrate and ascorbate). Cells were washed and t = 0 samples were reserved for
subsequent quantification of 24 h *°Fe accumulation. The remaining samples
were incubated for 24 h in the continued presence of additions as indicated
but minus *>°Fe (efflux condition). Loss of cell-associated *°Fe was quantified
and normalized to protein concentration; the data are presented as the per-
cent >°Fe lost compared with the t = 0 controls. Mean =+ S.D. are based upon
four biological replicates. The p < 0.001 values (***) are differences relative to
the untransfected, untreated control. The p < 0.05 values (*) are differences
relative to the transfected but untreated cell samples.

the cellular factors that supported the membrane occupancy
and iron-efflux function of this unique mammalian iron export
system, in particular the comparative effects of APP family
members, APP and APLP1 and -2.

Using Fpn-CFP and Heph-YFP fusions we have demon-
strated that they form a FRET pair; the confocal images indicate
that this complex is found within cytoplasm-localized compart-
ments as well as in the plasma membrane indicating that Fpn,
Heph association occurs as part of the trafficking of the two
proteins to the cell surface. This pattern and the FRET effi-
ciency quantified herein is comparable with that previously
reported for the Fet3, Ftrl iron uptake complex found in Sac-
charomyces cerevisiae and in essentially all fungi and algae (57—
60). Fet3, like Heph, is a Type la membrane protein with a
multicopper ferroxidase domain that is in the extracellular
space. Whereas fungal iron uptake is ferroxidase-dependent, in
mammals it is iron efflux that relies on the concurrent oxida-
tion of Fe** to Fe**.
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The FRET efficiency and thus FRET-pair proximity quanti-
fied by the photobleaching protocol used did not account for
the fraction of Fpn-CFP not in association with the acceptor-
tagged Heph and thus may be an underestimate. However, one
can compare our results to those obtained in experiments
assessing the spatial relationship of APP in a homodimeric state
(49, 61), an oligomerization that has been identified by other
techniques (62, 63). The quantified FRET efficiency was 15%.
This is similar to the maximum FRET observed in the Fet3-
CFP, Ftr1-YFP complex in the yeast plasma membrane (59); in
this complex the Fet3 ferroxidase traffics Fe?>* to the ferric iron
permease, Ftrl, in support of the high-affinity iron uptake
found in all fungi and algae (64). Both proteins have extended
intracellular domains that spatially separate the donor-accep-
tor fluors; as these domains are truncated the FRET efficiency
increases from 4 to 13% (59). Thus, the FRET value we report
here for the Fpn-CFP, Heph-YFP pair of 8% is comparable with
values reported for closely related systems.

Using the combination of fluorescent microscopy, surface
protein biotinylation, and functional assay, we have demon-
strated the opposite effects of iron supplementation versus cop-
per depletion on Fpn trafficking and cell iron efflux; with
respect to our reading of the literature, these results are unique
in that we have combined microscopy, biochemistry, and func-
tional assay. Our data suggest the premise that the hepcidin-
independent membrane occupancy of the Fpn—Heph complex
is modulated by forward trafficking rather than retarded retro-
grade retrieval. However, the details of the cycling of these two
proteins warrant additional investigation particularly with
respect to possible dependence on cell-type, for example, a bar-
rier epithelial cell compared with a macrophage.

As noted, the experimental design in which we measured
*9Fe loss over 24 h did not explicitly quantify changes in the
efflux rate; the loss of an apparent maximum of ~60% of accu-
mulated *°Fe could have represented the fraction of cell iron
that was available for Fpn-mediated efflux. Another possibility
is that efflux was limited by some intracellular factor other than
the abundance and activity of the Fpn-Heph complex. For
example, efflux could be rate-limited by the abundance of
PCBP2, one of the two cytoplasmic iron chaperones found in
mammalian cells (65). Data have been described indicating that
PCBP2 binds to Fpn and supports Fpn-dependent iron efflux
(66). This premise also warrants experimental confirmation.

We have shown data in support of the developing premise
that sAPP via an REWEE motif in the amyloid precursor pro-
tein E2 domain stabilizes the iron-efflux protein, Fpn, in the
plasma membrane and thereby stimulates iron efflux. This
activity together with the fact that the APP transcript contains
an iron-response element in its 5 UTR suggests that among
other possible physiologic functions, APP plays a role in cellular
iron homeostasis. This premise is consistent also with the fact
that motifs in the C terminus of SAPP« (and not sAPPS) bind
Fe®" (67). In as much as sAPP does stabilize membrane Fpn, we
conclude that sAPP plays an agonist role in iron trafficking in
contrast to the antagonist role played by hepcidin. We propose
that this interplay between these two proteins is a key element
in brain iron homeostasis.
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The key findings in support of this model are as follows. First,
as discussed, we have provided fluorescence and FRET data that
confirm the close relationship between Fpn and its partner fer-
roxidase, Heph, which has been demonstrated previously by
co-immunoprecipitation. In contrast, we find no evidence of a
comparable association between Fpn and full-length APP in the
cell, nor does expression of APP have any influence on the sur-
face expression of Fpn. Our conclusion that sAPP and not APP
functions in iron trafficking contrasts with one report suggest-
ing that cell APP (the unprocessed, native protein) stimulated
Fpn-dependent iron efflux in hippocampal neurons (24), a
result, however, that recently has been challenged (19). On the
other hand, the results reported here in HEK293T cells are sim-
ilar to those reported in brain microvascular endothelial cells
(6, 25) and hippocampal neurons (19), i.e. stimulation of iron
efflux upon addition of sAPP or the ferroportin targeting pep-
tide from its E2 domain. That this function is associated with a
processed form of APP parallels the findings that other physi-
ologic and neuroprotective functions associated with amyloid
protein family members are due to their soluble forms (29, 30).

sAPP or the recombinant aBaC helices from APP’s E2
domain enhance plasma membrane expression of Fpn. This
effect is quantitatively similar to that due to the addition of the
specific FTP peptide previously identified in this domain that
includes what appears to be the characteristic FTP element,
(K/R)EWEE (24, 25, 35). This conclusion is supported by the
fact that whereas the aBaC helices from APLP2 elicit the same
Fpn localization as does sAPP and its E2 helical domain, aBaC
helices from APLP1 do not. The likely sequence element under-
lying this functional difference is the REWAM motif in APLP1;
previous studies have shown that a REW(E—N)E substitution
suppressed the ferroportin targeting activity in sAPP (24).
Thus, at least with respect to a proposed role in brain iron
homeostasis, SAPP and sAPLP2 appear to be redundant. The
differing effects of the (K/R)EWEE-containing species com-
pared with the APLP1 recombinant fragment indicate also that
the effects documented are specific to this sequence and not
due to some nonspecific protein—protein interaction. Note that
the 22-amino acid FTP sequence motif that includes the
(K/R)EWEE element is 100% conserved in the B-amyloid A4
protein and isoforms across essentially all archived mammalian
genomes.

Although APP is ubiquitously expressed in a wide variety of
human tissues, we propose that the function of sAPP in modu-
lating the surface expression of Fpn is restricted to the ablumi-
nal space in the brain. Here, given the reduced fluid volume, and
circulation limited primarily to diffusion (68), the effective,
steady-state concentration of SAPP and sCp released from cells
in the neurovascular unit would be elevated compared with the
concentration of either protein found in the general circulation.
This would be particularly true at the points of close association
between glia and the capillary endothelial cells, and between
glia and neurons. We have shown also that endogenous, unpro-
cessed APP plays no role in Fpn-dependent iron efflux from
primary rat hippocampal neurons (19), a result that parallels
the findings reported in the heterologous system used here.

In this context, we propose that sAPP and sCp from glia are
key modulators of iron efflux into the brain across the blood-
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brain barrier, and from neurons (19, 28, 35); indeed, previous
data from this laboratory has demonstrated that endothelial
cell interleukin-6 stimulates glial cell expression and secretion
of sCp into the basal space underlying the capillary endothe-
lium (69). This model is consistent with the general view that
glia play a key role in regulating overall brain metabolism. Thus,
our model also suggests that the regulation of APP expression
and processing in glia supports this iron trafficking function;
this regulation, then, is an important focus of our ongoing
research.

Experimental procedures
Cell culture and reagents

HEK293T cells (Cell Applications, San Diego, CA) were cul-
tured in Dulbecco’s modified Eagle’s medium (Vendor info)
with 10% fetal bovine serum (Gemini Bio-products, West Sac-
ramento, CA) and NaHCO,, pH 7.4. Cells were incubated in a
humidified incubator at 37 °C, 5% CO,. The culture medium
was replaced every other day and cells were passaged weekly.
Experiments were performed in 33-mm, 60-mm, 100-mm, or
24-well tissue culture dishes unless otherwise specified. Exper-
iments were performed between passage 5 and 10 when cells
reached ~90-95% confluence.

FTP peptides (sequence; HRERMSQVMREWEEAERQAKNL)
without and with a C-terminal FLAG affinity tag (DYKDDDK)
were synthesized by GenScript (Piscataway, NJ). Human soluble
ceruloplasmin was purchased from GenWay Biotech, Inc. (San
Diego, CA).

Generation of plasmids

A c¢DNA for the coding region of mouse ferroportin (Fpn)
was amplified from pFpn-EGFP-N1 that was kindly provided by
J. Kaplan (70). The PCR product was cloned into the Xhol and
Nhel sites of the pCEP4CyPet-MAMM vector (Addgene, Cam-
bridge, MA) to obtain the Fpn-CFP construct. A ¢cDNA for
Heph (obtained also from J. Kaplan, University of Utah) was
cloned into the Xhol and NotI sites of the pCEP4YPet-MAMM
vector (Addgene) to obtain the Heph-YFP construct. The
c¢DNA for mouse APP, APLP1, or APLP2 (transOMIC Tech-
nologies, Huntsville, AL) was cloned into HindIII (APP and
APLP1) or Xhol (APLP2) and Nhel sites of the pCEP4YPet-
MAMM vector (Addgene) to obtain the APP/APLP1/APLP2-
YFP constructs. Expression of all of the resulting ORFs was
under the control of a cytomegalovirus promoter; none of the
resulting mRNA species contained an iron response element.
The constructs were transformed into DH5« Escherichia coli
and ampicillin-resistant colonies selected. Plasmids were then
purified (E.Z.N.A.® Plasmid Mini Kit I, Omega) and sequenced.

The ORF corresponding to the mouse APP aBaC helices
(residues 318 —408) (63) was amplified from cDNA (described
above) using the primers 5'-CGACGCCGTCCATATGTACC-
TGGAGACACC-3' (forward) and 5'-CGTACTTCTTCAGCA-
TGTTGGATCCTTAATGAGGCCTTGGGGGCACC-3" (re-
verse) and cloned into the Ndel and BamHI sites of the
pET16b vector to generate pET16b-APPaBaC. The ORF
corresponding to the mouse APLP1 aBaC helices was ampli-
fied from cDNA (described above) using the primers 5'-CCT-
ACTGATGGTGTGCATATGTACTTTGGCATGC-3" (for-
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ward) and 5'-CAGGGCCATCAGGGATCCCTAAGCCTGA-
GGCGGATC-3" (reverse) and cloned into the Ndel and
BamHI sites of the pET16b vector to generate pET16b-
APLP1aBaC. The ORF corresponding to the mouse APLP2
aBaC helices was amplified from ¢cDNA (described above)
using the primers 5'-CCAACCAATGATGTTCATATGTAT-
TTTGAGACCTCAGC-3' (forward) and 5'-GTTCTCAGC-
ACGGACGGATCCTCAAAGAGCTTGAAGAATCCG-3' (re-
verse) and cloned into the Ndel and BamHI sites of the
pET16b vectorto generate pET16b-APLP2aBaC. These con-
structs were transformed into DH5a E. coli and ampicillin-
resistant colonies were selected. Plasmids were then purified
and sequenced to verify.

Overexpression and isolation of APP, APLP1, and APLP2 aBaC
helices

Overexpression of His,-tagged APP aBaC helices was per-
formed in the E. coli BL21(DE3)-RIL strain in LB at 30 °C shak-
ing until A;y, = 0.6-0.8, followed by induction with 0.5 mm
isopropyl B-p-thiogalactosidase. The cells were collected 18 h
after induction and resuspended in 20 mMm sodium phosphate,
pH 7.4, 0.5 m NaCl, 1 mm phenylmethylsulfonyl fluoride con-
taining a bacterial protease inhibitor mixture. Cells were soni-
cated and centrifuged, and the supernatant was filtered to
remove cell debris. The cell-free extract was loaded onto a
HiTrap IMAC column charged with nickel (GE Healthcare)
equilibrated with 20 mm sodium phosphate, pH 7.4, 0.5 Mm NaCl.
The protein was eluted with a 0—500 mm imidazole gradient.
Fractions containing His¢-tagged APPaBaC as judged by Coo-
massie-stained SDS-PAGE were collected, exchanged into 20
mM sodium phosphate, pH 7.4, 200 mm NaCl buffer, and con-
centrated. Overexpression and isolation of APLP1 and APLP2
aBaC helices followed the same protocol as described above.

HEK293T transfection

HEK293T cells were transiently transfected with one or two
of the following CFP/YFP expression plasmid pairs: Fpn-CFP,
Heph-YFP, APP-YFP, APLP1-YFP, APLP2-YFP. Polyethyleni-
mine (PEI) MAX (Polysciences, Inc.) was used as the transfec-
tion reagent following an established protocol (71). Briefly
DNA and PEI were diluted separately in Opti-MEM (Thermo-
Fisher) before mixing and incubating 30 min at room temper-
ature. The DNA/PEI mixture was added dropwise to cells and
gently swirled to distribute. Experiments were performed on
cells after incubation with the transfection mixture for 48 h.

Surface protein biotinylation and immunoblotting

Membrane proteins from HEK293T were biotinylated and
separated from the cellular protein pool as follows. Cells grown
in 60-mm tissue culture dishes were washed 2 times with PBS,
treated with EZ-Link™ Sulfo-NHS-SS-Biotin to biotinylate
surface proteins (ThermoFisher) for 30 min at 4 °C, washed 2
times with PBS + 0.1% BSA and 2 times with PBS. Cells were
lysed by scraping in ice-cold RIPA buffer (25 mm Tris, 150 mm
NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, pH
7.4) supplemented with 1X Halt protease inhibitor mixture
(ThermoFisher) and incubation on ice for 15 min. The cell sus-
pension was then centrifuged at 14,000 X g for 10 min at 4 °C,
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and the supernatant containing the biotinylated surface pro-
teins was collected. Protein content in the supernatant was
quantified, and equal amounts of protein were loaded to
streptavidin spin columns (ThermoFisher). Columns were
washed with ice-cold RIPA buffer, and bound biotinylated pro-
teins were eluted using 2X SDS loading buffer (350 mm Tris-Cl,
pH 6.8, 10% glycerol, 3.5% SDS, 0.004% bromphenol blue, 50
mM DTT). Biotinylated protein content was quantified, and
equal amounts of protein were loaded for Western blotting.

Samples were resolved on duplicate 12% SDS-PAGE gels,
and protein was transferred to PVDF membranes followed by
blocking for 1 h at room temperature in either 5% BSA or 5%
milk in TBST. The duplicate membranes were then incubated
overnight at 4 °C with either rabbit anti-GFP (1:10,000 dilution
in 3% BSA/TBST; Clontech) or rabbit anti-Fpn (1:2,000 dilu-
tionin 5% milk-TBST, gift from M. Knutson, University of Flor-
ida), and then washed and incubated with secondary anti-rabbit
HRP antibody (Santa Cruz Biotechnology) (1:10,000 dilution in
3% BSA/TBST for anti-GFP or 1:4,000 dilution in 3% milk/
TBST for anti-Fpn) at room temperature. Blots were developed
using SuperSignal West Dura Extended Duration Substrate
(ThermoScientific), then imaged using a ChemiDoc Imaging
System with Image Lab software (Bio-Rad). The duplicate blots
probed with the anti-Fpn antibody confirmed assignment of
GFP-containing bands to Fpn-CFP; these latter blots are pre-
sented in the figures.

Fluorescence microscopy

HEK293T were fixed for 10 min with 4% paraformaldehyde
and 4% sucrose in PBS. Coverslips were mounted onto glass
slides using SlowFade gold antifade reagent with 4’,6-di-
amidino-2-phenylindole (Invitrogen). The slides were visual-
ized using either an Axioimager epifluorescence microscope
or LSM-510 Meta NLO laser scanning confocal microscope
(Zeiss). The latter instrument was used exclusively for the FRET
analyses. FRET efficiency was calculated using the equation,

E=1—1Ip/lp (Eq. 1)
where I, and I, are the total donor fluorescence emission
intensities in the presence and absence of energy transfer to A.
These resulting fluorescence intensities were quantified in ROI
confined to membrane-associated regions of the cell. Fluores-
cence images were generated using Image].

>9Fe efflux assays

All *°Fe efflux assays were performed using confluent mono-
layers of HEK293T grown in 24-well tissue culture dishes.
Assays were performed at 37 °C in 5% CO, at 75 rpm. The
radionuclide **FeCl, was purchased from PerkinElmer Life Sci-
ences. HEK293T were loaded for 24 h with *°Fe(II) citrate (plus
500 um BCS where applicable), washed with Dulbecco’s modi-
fied Eagle’s medium containing 250 uM citrate, and incubated
with reagents as noted in each experiment for 0-24 h. Addi-
tions to the efflux media, where applicable (final concentrations
indicated), included BCS (500 um), FTP (10 nm), sCp (6.6 nm),
APP-aBaC (10 nMm), or a combination of components. Reac-
tions were quenched with ice-cold quench buffer as described
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previously (72) and lysed with radioimmune precipitation assay
buffer. Lysates were assayed for *Fe and protein concentration.
All counts were normalized for protein content at time 0 h prior
to initiation of *°Fe efflux.

Ferroxidase assay

Ferroxidase activity was quantified by the fraction of ferrous
iron remaining after a 30- or 60-min incubation with a sample
using ferrozine ((3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-
1,2,4-triazine) as Fe(lI) indicator (for the (FZ),-Fe(II) complex,
€(550nm) = 27.9mm ' cm ') (73). Soluble human ceruloplas-
min was used as standard. Assays were performed in 100 mm
MES buffer, pH 6.0, containing 10 mm freshly prepared FAS.
Reactions were quenched by addition of ferrozine (Millipore
Sigma, 100 uMm final concentration) and the remaining Fe(II)
quantified by absorbance at 550 nm. Sample data are presented
as ferroxidase equivalents by reference to an hCp standard
curve.

Statistical analysis

All statistical analyses were performed by using Prism 5.0 or
8.0 (GraphPad Software, San Diego, CA).
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