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holotransferrin as reported previously for iron-depleted cells
(Kumar et al., 2012); in fact, there is a significant decrease
(Fig. 3A). These results collectively demonstrate that GAPDH
recruited to the cell surface during iron overload is a different
isoform than that presented upon iron starvation.

Fig. 1. Modulation and
characterization of surface GAPDH
upon iron loading of cells. (A) J774
cells were cultured in 100 mM-FeCls-
supplemented medium for increasing
time periods and checked for changes
in surface-associated GAPDH as well
as intracellular expression of GAPDH by
flow cytometric analysis. Extracellular
GAPDH was also monitored for
ectoenzyme activity. Surface and
intracellular GAPDH data are presented
as a percentage of the mean
fluorescence intensity of control
samples; P , 0.005; *P _0.05; n510*
cells. For ectoenzyme activity, data are
presented as a percentage of the OD at
340 nm of the control sample;

P, 0.0005; n54 independent
experiments. (B) J774 cells were treated
with increasing concentrations of iron up
to 100 mM FeCls, and the surface
expression of GAPDH was evaluated.
Data are presented as a percentage of
the mean fluorescence intensity of
control samples; P , 0.0001; n510*
cells. (C) The increase in the amount of
cell surface GAPDH is significantly
larger upon iron loading of cells
compared with that observed following
iron depletion. J774 cells were treated
with either 100 mM FeCl; or 100 mM
DFO for 24 hours before flow-
cytometry-based analysis of surface
GAPDH; P, 0.0001; n510* cells.

(D,E) GAPDH is present in both DRM
and non-DRM membrane fractions in
control as well as iron-loaded J774 cells;
P ,0.0001 (statistical analysis was
performed using mean fluorescence
intensities); n510* cells. (F) Western
blot of 2D-gel-electrophoresis-
separated GAPDH isoforms from
membrane fractions of iron-loaded
(100 mM FeCl3) and iron-depleted

(100 mM DFO) J774 cells. pl, isoelectric
point. Also see supplementary material
Fig. S1.

Modulation of apotransferrin binding upon iron overload

As excess iron is deleterious, iron-loaded cells would seek to
divest themselves of this excess of metal. Apotransferrin,
abundantly present in serum, is among the best known
biological chelators of iron, and we checked for its recruitment
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Fig. 2. LC-MS/MS analysis of membrane-associated
GAPDH from iron-depleted and iron-loaded cells.
J774 cells were cultured in medium supplemented with
100 mM FeCl; or 100 mM DFO for 24 hours, and
membrane fractions were purified. Membrane proteins
from both samples were extracted and subjected to 12%
SDS-PAGE. Bands corresponding to GAPDH were
excised and trypsin digested. Peptide analysis by Mascot
following LC-MS/MS confirmed proteins to be GAPDH.
The MOWSE score was - 700, with sequence coverage
of _-80% in both cases. (A) PTMs observed in GAPDH
recruited to the cell membrane upon iron depletion in
J774 cells. (B) PTMs observed in GAPDH recruited to the
cell membrane upon iron overload in J774 cells.

[ (C) Comparative analysis of various PTMs and the

A Membrane GAPDH from iron depleted cells

1 MVKVGVN 4,11/ GFGRIGRLVTRAAICS GKVEIVAIN 411isDPFID LN ey Y My VYMFQYDST
51 HGKFNGTVKAENGKLVIN gy GKPITIF Q411 ERDP TNIKWGEAGAEYVVES TGVF
101 TTM,,, EKAGAHLKGGAKRVIISAPSADAP . p.ro 016 MiomiFYMi0GVN scamia HEK o YD N tpamiar SL K gty VSNASC
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201 AQNIIPASTGAAKAVGKVIPELN 11, GKLTGMAFRVP .. 110 101 TP oro-myro it NVSVVDLT 11001C tonytipropionamiaa RLEKP
251 AKYDDIKKVVKQ, 31y ASEGPLKGILGYTEDQVVSC i cpicnamicelDF Nimatny SN cimotsy SHSSTFDAGAGIA
301 LN goumis DNFVKLISWYDNEYGYSN 1,1y RVVDLMAYM , ASKE st

B Membrane GAPDH from iron treated cells

1 MVKVGVN, 431y GFGRIGRLVTRAAICS GKVEIVAIN 400116 DP o oyro-01 FIDL Nigeamia YMVYMF Qg i) YDST
51 HGKFNGTVKAENGKLVIN4,,.,,GKPITIFQ,,..,ERDPTNIKWGEAGAEYVVESTGVF
101 TTMEKAGAHLKGGAKRVIISAPSADAPM q, FVMGVN 4y, HEKYDN ¢y, o SLKIVSNASC
151 TTN goamicimotiCinitonyy LAPLAKVIHDNFGIVEGLM,,, TTVHAITATQ, .y KTVDGPSGKLWRDGRGA
201 AQNIIPASTGAAKAVGKVIPELN 4,1, GKLTGMAFRVPTPN 4,1 VSVVDLTC 51 onamiae RLEKP
251 AKYDDIKKVVKQASEGPLKGILGYTEDQVVSC i, oianamidoDimotnyyF NSNSHSSTFD 0, AGAGIA
301 LNDNFVK gy LISWYDNEYGYSNRVVDLMAYM,, ASKE 01

PTMs

GAPDH (iron depleted)

GAPDH (iron treated)

Methylation(D,E)
Dimethylation(N,R,K)

2 [ DGT’ E3SJ]
4 [N153’ N165’ Nzﬂﬁ’ NZBT]

3 [ DZS]’ D294, E333]
2 [N153’ K307]

corresponding modified residues in GAPDH recruited to
the cell membrane under both conditions.

Deamidation(N,Q) 13 [N, N, N,;, N, Q

397 " T68Y TU76?

12N, N,,, N, Q.

397
N134' N14I)' N153' N1l555I N223’ Naa! Q?ﬁ' N134'

QZBZ’ NSDZ’ 320 Q1BJ’ N223’ NZJT
Oxidation(M,C) TIM,;5 Myg5 Mg, My, 3[M, 25 M, Mo

C154’ 173? 329
Phosphorylation(S,T,Y) [T, ND*
Acetylation(K) 2[K 5, Kool ND*
Nitrosylation(C) 2[C,,,, C,.l 1[C,s.]
Propionamide(C) 2[C,,;, Cu,l 2[C,,;, Cu,l
Pro- pyro glu(P) 3[P,,; Posys Posgl 1P,]
Succinylation(K), ND* ND*
ADP-ribosylation(C), ND* ND*
Palmitoylation(C), ND* ND*
GPI anchor(protein C term), | ND* ND*
Farnesylation(C), ND* ND*
Myristoylation(Nterm G), ND* ND*
Pyro-Glu(E, Q) ND* ND*

N14I)' N153'

* Not Detected

to iron-loaded cells. Macrophages and hepatocytes demonstrated
an increased binding of apotransferrin, which correlated with the
increase in surface GAPDH expression (Fig. 1A D; Fig. 3B;
Table 1). In the case of primary enterocytes, surface GAPDH
decreased along with a corresponding decrease in apotransferrin
binding (Table 1). GAPDH-knockdown THP1 cells, which fail to
enhance surface GAPDH upon iron overload, also lacked
apotransferrin binding (Table 1). The increase in apotransferrin
binding by cells also matched the time-dependent increase in the
amount of surface GAPDH upon iron loading (Fig. 3C; Fig. 1A).

Apotransferrin binding to cells

The equilibrium dissociation constant (Kp) of apotransferrin
binding to the surface of excess-iron-treated J774 cells was
calculated to be 1.11 nM (Fig. 3D), suggesting the presence of a
high-affinity receptor. This is similar to the value of 1 nM
reported for TfR1, and there could be some concern that the
affinity reported in this case is due to transferrin binding to TfR1
either in the apo form or after conversion into holotransferrin.
However, TfR1 does not bind to apotransferrin at physiological
pH (Andrews, 2000), and apotransferrin was prevented from
conversion to the holo form by the inclusion of desferrioxamine
(DFO) in the incubation buffer (Kawabata et al., 2000). Flow
cytometric analysis demonstrated that apotransferrin binding to
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cells is inhibited in the presence of excess of unlabeled ligand
(Fig. 3E), indicating that it is a specific process. In addition, the
binding was decreased when cells were pretreated with the
proteolytic enzyme pronase (Fig. 3F), confirming that the
receptor involves a protein molecule (Kumar et al., 2012).

GAPDH and apotransferrin interact in vitro

As surface GAPDH appeared to be a receptor for apotransferrin
binding on iron-loaded cells, we decided to first check whether
GAPDH and apotransferrin interact in vitro. To evaluate this,
plate-based solid-phase interaction and surface plasmon
resonance (SPR) assays were performed. GAPDH coated in
enzyme-linked immunosorbent assay (ELISA) wells specifically
captured apotransferrin (supplementary material Fig. S2A). A
Biacore assay revealed a Kp of 5.3 nM for the GAPDH
apotransferrin interaction (supplementary material Fig. S2B).

GAPDH and apotransferrin colocalize and interact on the
cell surface

To ascertain whether this strong in vitro interaction of GAPDH
and apotransferrin occurs in vivo, we investigated the association
and interaction of GAPDH with apotransferrin on the surface of
iron-treated J774 cells. Utilizing confocal microscopy, GAPDH
was observed to colocalize with apotransferrin on the surface of
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cells (Fig. 4A,; supplementary material Fig. S2C,D). An acceptor-
photobleaching-based Foster resonance energy transfer (FRET)
assay also demonstrated an interaction between surface GAPDH
and apotransferrin (Fig. 4B,C; supplementary material Fig. S2E).
Finally, co-immunoprecipitation of biotinylated apotransferrin
with GAPDH from the membranes of iron-loaded cells confirmed
the interaction between the two proteins (Fig. 4D).

Correlated modulation of surface GAPDH and apotransferrin
binding in iron-loaded rats

We utilized an in vivo rat model to determine whether iron
loading indeed increases cell-surface GAPDH and apotransferrin
binding. Liver and serum iron estimation confirmed the iron
overload in a rat model (supplementary material Fig. S3A,B).
Hepatocytes, peritoneal macrophages and enterocytes were
examined for surface expression of GAPDH and apotransferrin
binding as compared with that of cells isolated from control
animals. Whereas hepatocytes and peritoneal macrophages of
iron-loaded rats demonstrated an increase in surface GAPDH
expression along with a corresponding increase in apotransferrin
binding, enterocytes demonstrated a decrease in both surface
expression of GAPDH and apotransferrin binding (Fig. 5A;

Fig. 3. The binding of apotransferrin to iron-
loaded cells is selectively enhanced. (A) There
is a significant decrease in cell-surface
holotransferrin...Alexa-Fluor-647 binding by iron-
loaded J774 cells; P, 0.05; n510* cells.

(B) Apotransferrin...Alexa-Fluor-647 binding is
increased on the surface of iron-loaded J774 cells;
P, 0.0001; n510* cells. (C) The magnitude of the
increase in apotransferrin (Apo Tf) binding
increases with the length of exposure to iron. J774
cells were treated with 100 mM FeCl; for increasing
lengths of time and the binding of apotransferrin...
Alexa-Fluor-647 was measured. The data are
presented as a percentage of mean fluorescence
intensity of control samples; P , 0.005; n510* cells.
(D) Concentration-dependent binding of
apotransferrin on the surface of iron-loaded J774
cells. The results are expressed as the
concentration of biotinylated apotransferrin versus
OD at 450 nm (6s.d.). (E,F) The binding of
apotransferrin to the surface of iron-treated J774
cells is specific (E) and pronase sensitive (F);

P, 0.0001; n510* cells. All experiments were
repeated three times.

supplementary material Fig. S3C). The change in cell-surface
expression of GAPDH upon iron loading correlated well with the
change in apotransferrin binding by all three cell types studied
(Fig. 5B).

Apotransferrin recruited by GAPDH facilitates iron export

To understand the physiological significance of increased
apotransferrin capture by iron-loaded cells, we explored its role
in the facilitation of iron export from cells. Having established
that incubation with iron-supplemented medium causes maximum
intracellular iron accumulation within 12 hours (supplementary
material Fig. S1A), we chose this as a starting point from which
to evaluate iron exit. When apotransferrin was included in the
incubation medium, iron-loaded J774 cells demonstrated a
significant enhancement of iron export into the extracellular
medium within 1 hour, as assayed by the chromogenic iron assay
(supplementary material Fig. S4A). Exit of iron was also
quantified using cells labeled with *°Fe. We observed an
increase in iron export from various iron-loaded (by FeCls
incubation or EPG) cells when incubated with apotransferrin
(Fig. 6A,B). J774 and THP1 cells that had not been subjected to
any iron loading (untreated control cells) also demonstrated a
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hepatocytes demonstrated increased surface GAPDH and
apotransferrin binding upon iron overload (as has been reported
for ferroportin) to maintain iron homeostasis. Our in vivo studies
in iron-loaded rats validated our results from cell culture
experiments. We found an increase in surface GAPDH
expression and apotransferrin  binding in hepatocytes and
peritoneal macrophages, whereas both decrease in the case of
enterocytes as compared with cells isolated from control rats.

GAPDH is a protein with a diverse range of functions (Sirover,
2011; Sirover, 2012). Previous investigations revealed an
additional role for GAPDH as a receptor for the trafficking of
holotransferrin into iron-starved cells. Here, we demonstrate that,
by changing the isoform recruited to the membrane, GAPDH
additionally functions as a high-affinity receptor for apotransferrin,
thereby maintaining iron homeostasis by enhancing cellular
iron egress. Our current studies uncover an additional order
of multifunctionality for GAPDH (multifunctionality within
multifunctionality), wherein it switches its role under the
diametrically opposite conditions of cellular iron status, providing
a two-way switch based on the modification of PTMs for cellular
iron regulation. In addition, to the best of our knowledge this is also
the first report that clearly identifies a high-affinity apotransferrin
receptor and provides a clear mechanism for its role in managing
cellular iron. A schematic model of this dual role of GAPDH is
outlined in Fig. 7F.

MATERIALS AND METHODS

Cell lines, primary cells and materials

All cell lines (including a stable THP1 cell line in which knockdown of
total cellular GAPDH had been previously established), primary cells
(Sprague Dawley rat peritoneal and spleen macrophages, enterocytes and
hepatocytes) were obtained, purified and maintained essentially as
described previously (Sheokand et al., 2013). THP1 cells were activated
for 24 hours with 12.5 ng/ml of phorbol 12-myristate 13-acetate (PMA).
All cells were maintained in RPMI-1640 medium supplemented with
10% fetal calf serum.

Purified RBCs were labeled by using the CellVueH Claret Far Red
Florescent Cell Linker Midi Kit (Sigma) as per the manufacturer s instructions.
Rabbit anti-RBC serum was raised and validated using standard methods.
Erythrocytes were opsonized by incubation with antisera (1:50 dilution) at
37 C for 1 hour followed by three washes with PBS. Animal experiments and
the collection of blood from healthy volunteers was performed with due
approval from the relevant institutional ethical committees.

Cell treatments

The iron concentration of cells was increased by culturing cells in medium
containing 100 mM FeCl; as described previously (Foster et al., 2001).
Excess iron was thus presented as ferrous ascorbate to increase solubility
and facilitate cellular accumulation (Han et al., 1995). Iron in macrophage
cells was also enhanced by erythrophagocytosis (EPG), which was
performed by incubating a monolayer of macrophages with opsonized
RBCs (50:1) for 24 hours in complete medium (Knutson et al., 2005).
Controls were set up in parallel with normal medium. Extracellular RBCs
were lysed with distilled water for 2 minutes, followed by rinsing cells
with neutral buffer (20 mM HEPES, 150 mM NaCl,5 mM KCland 1 mM
each of CaCl, and MgCl,). For in vivo acute iron loading, Sprague Dawley
rats were injected intraperitoneally with 100 mg iron dextran (Sigma) or
1610° opsonized RBCs and, after 24 hours, peritoneal macrophages were
isolated as described previously (Sheokand et al., 2013). For iron depletion
experiments, cells were cultured in complete medium with 100 mM
desferrioxamine (DFO) as described previously (Kumar et al., 2012). No
significant change in cell viability due to any treatment was observed, as
assessed by several independent viability assays described previously
(Kumar et al., 2012; Sheokand et al., 2013). In addition, a Caspase-Glo™
3/7 assay kit (Promega) was also utilized to confirm the absence of any
induction of cell apoptosis.
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Protein conjugates

Rabbit muscle GAPDH was obtained from Sigma, and apotransferrin was
procured from Calbiochem. Proteins were conjugated to flurochromes or
biotin by standard procedures using FITC (Sigma), Hilyte Fluor 647
protein labeling kit (Anaspec) and sulfo-NHS-LC biotin (Pierce).

Calcein quenching assay

Erythrophagocytosis was performed with a monolayer of macrophages as
described above for cell treatments with controls set up in parallel with
normal medium. Subsequently, cells were washed three times with
serum-free medium (SFM) and incubated with 500 nM Calcein AM at
37 C for 10 minutes. After extensive washing with SFM, the
fluorescence of intracellular dye was measured by flow cytometry. As
Calcein fluorescence is quenched by iron, a decrease in cellular
fluorescence is indicative of an increased intracellular labile iron pool.

Enzyme activity of cell surface GAPDH and flow cytometry
analysis

Ectoenzyme activity analysis of intact control or FeCls-treated J774 cells
was performed essentially as described previously (Raje et al., 2007). All
flow cytometry experiments were performed as described previously
(Raje et al., 2007). Briefly, 2610° cells/tube were stained with 1 mg of
anti-GAPDH antibody (Calbiochem) or isotype control (mouse IgG),
followed by sheep anti-mouse-IgG FITC (Fab), (Sigma), or with anti
TfR1 PE or isotype control (BD), with 10 mg of holotransferrin Alexa-
Fluor-647 or with apotransferrin Alexa-Fluor-647. For apotransferrin
staining, 100 MM DFO was included in the incubation buffer so as to
prevent conversion of the apo form of transferrin to holotransferrin.
For intracellular GAPDH staining, cells were fixed with 1%
paraformaldehyde and permeablized using 0.1% saponin at 37 C for
15 minutes before staining. Analysis of 10* cells was performed for each
sample using the FACS Calibur or FACS Verse flow cytometer (BD).

Flow cytometric differential detergent-resistant ratio of GAPDH
Control or iron-loaded J774 cells were analyzed for the FCDR ratio of
surface GAPDH exactly as described previously (Kumar et al., 2012).

2D analysis of membrane-associated GAPDH

J774 cells were treated with DFO or excess iron, and membrane fractions
were prepared essentially as described previously (Raje et al., 2007).
Membrane proteins (200 mg from either DFO- or FeCls-treated J774
cells) were purified by using the Biorad Protein Cleanup KitH as per the
manufacturer s instructions and were subsequently dissolved in
solubilization buffer (2 M thiourea, 7 M urea, 3% CHAPS, 20 mM
Tris) to a final volume of 125 ml. IPG 7 cm, pH 3 10 linear gradient
strips (BioRad) were loaded with samples by rehydration-loading.
Isoelectric focusing was performed at 0 250 V for 2 hours (linear),
250 V for 1 hour (rapid) and 250 VV 3000 V for 4 hours (linear), then
3000 V was maintained until 15,000 V-hours was achieved. The current
was limited to 50 mA per strip, and the temperature was kept at 20 C for
all isoelectric focusing steps. For the second dimension SDS-PAGE, the
IPG strips were incubated in equilibration buffer 1 (6 M urea, 2% SDS,
20% glycerol, 0.375 M Tris-HCI pH 8.8, 2% DTT) for 10 minutes,
followed by incubation in equilibration buffer 2 (6 M urea, 2% SDS, 20%
glycerol, 0.375 M Tris-HCI pH 8.8, 2.5% iodoacetamide) for another
10 minutes and then transferred onto 4 15% gradient acrylamide gels
(Biorad). The gels were run at 25 mA until the Bromophenol Blue front
had reached the bottom of the gel. Resolved proteins were processed for
western blotting and immunodetection of GAPDH as described
previously (Raje et al., 2007).

LC-MS/MS analysis of membrane-associated GAPDH from iron-
depleted and iron-treated cells

J774 cells were treated with DFO or excess iron, and membrane fractions
were prepared as described above. Extracted membrane proteins (200 mg
from either DFO- or FeCls-treated J774 cells) were subjected to SDS-PAGE
and stained with Coomassie Brilliant Blue. Bands corresponding to GAPDH
were excised and destained with 200 mM of NH;HCO3 in 40% acetonitrile
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