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Ferritin is a 24-mer protein nanocage that stores iron and regulates intracellular iron homeostasis. The nuclear
receptor coactivator-4 (NCOA4) binds specifically to ferritin H subunits and facilitates the autophagic trafficking
of ferritin to the lysosome for degradation and iron release. Using isothermal titration calorimetry (ITC), we
studied the thermodynamics of the interactions between ferritin and the soluble fragment of NCOA4 (residues
383-522), focusing on the effects of the recently identified Fe—S cluster bound to NCOA4, ferritin subunit
composition, and ferritin-iron loading. Our findings show that in the presence of the Fe—S cluster, the binding is
driven by a more favorable enthalpy change and a decrease in entropy change, indicating a key role for the Fe—S
cluster in the structural organization and stability of the complex. The ferritin iron core further enhances this
association, increasing binding enthalpy and stabilizing the NCOA4-ferritin complex. The ferritin subunit
composition primarily affects binding stoichiometry of the reaction based on the number of H subunits in the
ferritin H/L oligomer. Our results demonstrate that both the Fe—S cluster and the ferritin iron core significantly
affect the binding thermodynamics of the NCOA4-ferritin interactions, suggesting regulatory roles for the Fe—S

cluster and ferritin iron content in ferritinophagy.

1. Introduction

Iron is essential for various biological processes but can be harmful in
excess [1]. In mammals, iron levels are tightly regulated through coor-
dinated mechanisms involving uptake, storage, release, export, and
redistribution [2,3]. Several proteins and factors, such as the peptide
hormone hepcidin [4], iron regulatory proteins IRP1 and IRP2 [5],
hypoxia-inducible factor (HIF) [6,7], and the iron storage protein
ferritin [8-13], play significant roles in maintaining iron balance.
Eukaryotic ferritin is an oligomer composed of 24 subunits of two types,
H (for Heavy, ~21 kDa) and L (for Light, ~19 kDa) that self-assemble
into spherical nanocages of approximately 12 nm in outer diameter
and 8 nm in inner diameter where thousands of iron atoms can be stored
in the form of an inorganic iron core [8,9]. These protein nanocages
have eight narrow 3-fold hydrophilic channels and six 4-fold hydro-
phobic channels, each about 4 A in diameter. The 3-fold channels are the
main pathways through which Fe?* cations reach the catalytic ferrox-
idase centers on the H subunits where it gets oxidized before it moves to
the inner ferritin cavity for deposition and iron core formation [8].
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While the H subunit is responsible for the rapid oxidation of Fe?* to Fe3*
at its dinuclear ferroxidase centers, L subunit aids in iron nucleation and
mineralization. In mammals, the H and L subunits co-assemble in
varying ratios depending on cell type and physiological state. For
instance, ferritins rich in H subunits are typically found in tissues with
high metabolic rates, such as the heart, kidney, and brain, while those
rich in L subunits are found in tissues with iron storage functions, such as
the liver and spleen [14].

Recent research highlighted the dynamic nature of ferritin beyond
passive iron storage, but its fate and iron content within the cytosol
remain unclear [15,16]. It has been shown that ferritin undergoes
degradation through either the proteasome or a combination of lyso-
somal and proteasomal pathways. Under iron-depleted conditions,
ferritin is transported to lysosomes for degradation and iron recycling
via ferritinophagy, facilitated by the autophagy receptor NCOA4, which
binds exclusively to H-ferritin [17,18]. Under iron-replete conditions,
NCOA4 interacts with HERC2, leading to its degradation by the pro-
teasome, thereby inhibiting ferritinophagy and promoting ferritin
accumulation [18-21]. A recent study found that NCOA4 contains an
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Table 1
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Experimentally determined ITC conditional binding parameters for the titrations of apo-NCOA4-D (lacking a Fe—S cluster), holo-NCOA4-D (containing a Fe—S cluster)
with different types of ferritins (apo and holo, homopolymers and heteropolymers). Conditions are those reported in Figs. 2, 3 and 4. The reported thermodynamic
quantities (i.e. binding stoichiometry n, binding affinity Ka, enthalpy change AH, entropy change AS, and free energy change AG) are apparent average values with

standard deviation from replicate measurements (2 < N < 3).

Holo-NCOA4-D + Apo-Ferritin n AH (kJ/mol) AS (J/mol-K)* AG (kJ/mol)" Ko x 10°°(M™ Y

Apo-FtH [24H:0L] 2.4 +0.21 —49.9 + 0.88 —-58.6 + 0.68 —-32.4 £ 0.85 2.1 + 0.64

Apo-[21H:3L] 2.5 + 0.53 —46.4 +1.35 —51.3 + 2.42 —31.1 + 1.34 3.5+ 0.84

Apo-[12H:12L] 1.6 + 0.22 —48.7 £1.07 —44.1 + 3.74 —-35.6 + 1.05 0.7 + 0.54

Average —48.4 +1.36 —-51.3 £ 7.25 —-33.1+2.31 21+ 1.4

Holo-NCOA4-D + Holo-Ferritin n AH (kJ/mol) AS (J/mol-K)* AG (kJ/mol)" K, x 10°° (M)
(~500 Fe'/shell)

Holo-FtH [24H:0L] 4.7 £0.91 —56.8 + 5.92 —77.6 +9.36 —33.7 + 5.94 1.3 4+ 0.27

Holo-[21H:3L] 5.8 +0.15 —~54.9 + 1.85 ~73.4 £10.5 —33.0 £ 1.82 1.8 + 0.86

Holo-[12H:12L] 3.3+ 0.34 —49.8 + 2.63 —-53.5 + 5.26 —33.8 + 2.65 1.4 4+ 0.24

Holo-[1H:23L] 0.8 + 0.4 - - - -

Holo-[19H:5L] (LB) 4.4 + 0.64 —56.6 + 3.95 -76.8 +7.71 —33.7 +3.96 1.4 4+ 0.53
(~200 Fe''l/shell)

Holo-FtL [0H:24L] - - - - -

Average —54.5 4+ 3.26 —70.3 +11.4 —33.6 + 0.37 1.5+ 0.22

Apo-NCOA4-D + Holo-Ferritin (LB) n AH (kJ/mol) AS (J/mol-K)* AG (kJ/mol)" Ko x 1076
(~200 Fe/shell)

Holo-FtH [24H:0L] 6.2 +0.14 —20.8 + 0.48 38.2 4+ 2.32 —32.2 £ 0.44 1.3+1.2

Holo-[19H:5L] 4.9 +0.43 —~19.6 + 0.56 40.2 + 3.44 —31.6 + 0.52 21+1.1

Holo-[17H:7L] 4.1 +0.22 —26.5 + 0.72 20.0 + 2.85 —32.5+0.77 1.6 + 0.25

Holo-[16H:8L] 4.4 +0.55 —25.5 + 0.78 28.5 + 0.87 —-34.0 £ 0.75 1.140.38

Holo-[14H:10L] 3.0 £0.21 —26.2 4+ 0.39 30.4 + 1.58 —-35.2+0.38 0.8 + 0.4

Holo-FtL [0H:24L] - - - - -

Holo-FtH [24H:0L] (LB + 250 mg FeSO,4/L) 6.3 + 0.33 —22.2+1.38 33.5 + 3.94 —32.2+1.34 2.4 +0.97

Average —23.5+2.98 31.8 +7.30 -32.9+1.36 1.6 + 0.65

# The entropy change AS is calculated from AG = AH - TAS.

b The Gibbs free energy of binding (AG) is calculated using the equation AG = —RT In Ka.

Fe—S cluster, although the specific cysteine residues involved in iron
coordination are still unidentified [20]. This cluster was suggested to act
as a cofactor for sensing intracellular iron levels, influencing the fate of
NCOA4. In iron-depleted conditions, the absence of a Fe—S cluster
disrupts this interaction, promoting ferritinophagy and iron release.
Cellular oxygen levels were also found to affect NCOA4 and Fe—S
cluster formation, with low oxygen promoting NCOA4 degradation and
high oxygen triggering noncanonical autophagy of ferritin [21].

The role of NCOA4 in iron homeostasis is evident from knockout
mice studies which show impaired iron release and erythropoiesis due to
a lack of ferritin-stored iron in macrophages or hepatocytes [18,22].
Additionally, NCOA4 deficiency has been shown to increase the sus-
ceptibility to ferroptosis, a form of programmed cell death linked to lipid
oxidation and relevant to neurodegenerative diseases and cancer
[23,24]. Therapeutic strategies targeting ferritinophagy, such as in-
hibitors of the NCOA4-ferritin interaction could potentially treat con-
ditions such as cardiomyopathies, stroke, and certain tumors [25,26].

In humans, the NCOA4a variant, which includes the entire C-ter-
minal subdomain (amino acid residues 383-522), is responsible for
binding to ferritin and for ferritinophagy [18,27-29]. While ferriti-
nophagy is thought to involve the full spectrum of iron-containing iso-
ferritins (from heteropolymer H-rich to L-rich ferritins), it is unclear how
the lysosomal degradation of homopolymer L-ferritin (FtL) or hetero-
polymer L-rich ferritin occurs, given the high specificity of NCOA4
recognition by ferritin H subunits, and by what process the L-rich fer-
ritins release their load of iron and/or are brought to the lysosome for
degradation. Additionally, it is currently unknown whether the Fe—S
cluster is necessary for the NCOA4-ferritin interactions and what impact
the iron content of ferritin and/or the size of the iron core have on this
interaction.

To investigate these questions, we synthesized various recombinant
ferritins, including homopolymer H-ferritin (FtH), homopolymer L-
ferritin (FtL), and heteropolymer ferritins with different H to L subunit
ratios, in both their iron-free (apo) and iron-loaded (holo) forms. We
also produced the soluble human NCOA4« variant in both its Fe—S
cluster-bound form (holo-NCOA4-D, which shows a brown color upon
purification) and its Fe—S -free form (apo-NCOA4-D, which is colorless),
and used isothermal titration calorimetry (ITC) to examine the in-
teractions between these different proteins. Our ITC results demonstrate
significant differences in the binding thermodynamics, particularly the
enthalpy change (AH) and entropy change (AS) of the reaction, while
the binding stoichiometry and affinity remained essentially unchanged
when apo- or holo-NCOA4-D was titrated against holo-ferritins. This
indicates that the absence of the Fe—S cluster does not prevent the
binding between NCOA4-D and ferritin but strongly influences the na-
ture of the interaction. Specifically, we observed a significant change in
the AH and AS values for the interactions between NCOA4-D and holo-
ferritins from an average AH = —23.5 & 2.98 kJ/mol and AS = 31.8 +
7.30 J K~ ! mol ! for apo-NCOA4-D to an average AH = —54.5 + 3.3 kJ/
mol and AS = ~70.3 + 11.4 J K ' mol ™! for holo-NCOA4-D. In the
presence of the Fe—S cluster, binding is driven by a more favorable
enthalpy change and a significant decrease in entropy change, sug-
gesting the formation of a more ordered complex and a key role for the
Fe—S cluster in the structural organization of the complex. This
enthalpy-entropy compensation process does not significantly affect the
binding free energy AG (average of —33.25 + 0.49 kJ/mol for both apo-
and holo-NCOA4-D binding to apo- and holo-ferritins), leading to
similar apparent binding affinity Ka with an average value of (1.14 +
0.47) x 10° M~! obtained from experimental ITC-fitted isotherms
(Table 1). Furthermore, major differences were observed when holo-
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NCOA4-D was titrated against apo- and holo-ferritins with a reduced
binding stoichiometry and lower AH and AS values for apo-ferritins,
suggesting an important of the iron core in influencing the in-
teractions between the two proteins (Table 1). Altogether, both the
Fe—S cluster and the iron content of ferritin significantly affect the
thermodynamics of the interactions between NCOA4-D and ferritins,
contributing to an enhanced binding enthalpy and a more ordered and
structured complex.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals employed in this study were reagent grade and used
without further purification. Tris-(hydroxymethyl)amino-
methanehydrochloride (Tris-HCl), dibasic anhydrous sodium phosphate
(NagHPOy), ferrous sulfate heptahydrate (FeSO4-7H20) were purchased
from Fisher Scientific, and MOPS [3-(N-morpholino)propanesulfonic
acid] was purchased from Research Organics (Cleveland, OH). Sodium
chloride, ammonium sulfate, imidazole, sodium dithionite (also known
as sodium hydrosulfite), and ferrozine were purchased from ACROS
Organics, isopropyl (-D-1-thiogalactopyranoside (IPTG), and anhy-
drotetracycline (Tet) were purchased from Sigma-Aldrich (St. Louis,
MO). Ferrous ions stock solutions were freshly prepared immediately
before each experiment in a dilute HCI solution at pH 2.0. LB media
broth was purchased from Alpha Teknova, Inc., and M9 media stock
solutions were prepared in house and consisted of NayHPO4.7H20 (11.3
g), KHaPO4 (3.0 g), NaCl (0.5 g), NH4Cl (1.0 g) dissolved in 1 L of DI
water, adjusted to pH 7.4 and autoclaved. To this 1 L solution, filtered

(A)
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solutions of 1 M MgSO4 (2 ml), 1 M CaCl, (0.1 ml) and 10 ml of 20 %
glucose were added. All solutions were filtered through 0.2 pm What-
man Puradisc polyethersulfone sterile syringe filters (Cytiva) before use.

2.2. Recombinant ferritin expression and purification

The expression and purification of homopolymer and heteropolymer
ferritin samples were performed using procedures that were established
and optimized in our laboratory [14,30-33]. Briefly, recombinant
human H ferritins (FtH) were produced in E. coli using pET vectors with
a T7 promoter and pASK vectors with a Tet promoter, both conferring
ampicillin resistance. Induction occurred in LB medium with 0.4 mM
IPTG for 4 h at 37 °C. Recombinant human L ferritins (FtL) were
expressed using pDS 20 vectors in the BL21 pLyS strain with M9 minimal
medium for 7 h at 37 °C. Heteropolymer ferritins with different H to L
subunit ratios were generated in E. coli Rosetta-gami B strain using a
pWUR-FtH-TetO-FtL plasmid with varying inducer concentrations. In-
duction at 37 °C lasted 4-6 h using 10-1000 pM IPTG and 25-1600 ng/
ml anhydrotetracycline, depending on the desired subunit ratio [30,31].

Cells were centrifuged, resuspended in Tris-HCl, sonicated, and
centrifuged again. The supernatant was heat-treated at 80 °C, centri-
fuged, and then analyzed on SDS-PAGE. Proteins were precipitated with
ammonium sulfate, dialyzed overnight, centrifuged, and purified using
size exclusion chromatography. Purified ferritins were quantified using
a Micro BCA Protein Assay Kit. A small iron core of <200 + 50 Fe(IIl)/
ferritin molecule was found in recombinant homopolymer H ferritin
(FtH) and heteropolymer H/L ferritins produced in LB medium, whereas
recombinant homopolymer L ferritin (FtL) produced in LB medium or
homopolymer H and heteropolymer H/L ferritins produced in M9
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Fig. 1. (A) UV-vis spectra of purified NCOA4-D before (black curve) and after (red curve) treatment with dithionite (10 mM). (A, inset): pictures of the brown and
colorless NCOA4-D fractions at various stages of the size exclusion chromatography (SEC) purification. (B) Capillary gel electropherograms (SDS-CGE) of recom-
binant human homopolymer H- and L-ferritin (100%H, 100%L, respectively), and of heteropolymer ferritins (~88%H:12%L or ~21H:3L, ~70%H:30%L or 17H:7L,
~ 67%H:33%L or 16H:8L, ~ 58%H:42%L or 14H:10L, ~ 50%H:50%L or 12H:12L, and ~5%H:95%L or 1H:23L), at protein concentrations between 0.5 and 0.8 mg/
ml. The internal marker is a 10 kDa protein standard, provided with the SDS-MW Analysis Kit from Sciex.com, part number: 390953. (C) 12 % SDS-PAGE of purified
ferritin and NCOA4 samples. The first two panels display the electrophoretic mobilities of different heteropolymer ferritin samples having different compositions of H
and L subunits used in this study. The right panel displays the mobility of our NCOA4 samples, both with and without the Fe—S cluster (brown and colorless fractions,
respectively), after size exclusion chromatography and anion exchange coupled with affinity chromatography (see Materials and methods for more details).
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Fig. 2. (A) Calorimetric titrations of holo-NCOA4-D (containing a Fe—S cluster) with homopolymer H-ferritin, FtH, and heteropolymer ferritins at the indicated H to
L subunit ratios, and plots of the integrated heats (Area Data) vs. the NCOA4:ferritin molar ratio. Conditions: 3.0 pM (FtH and 21H:3L) and 5.0 pM (12H:12L) ferritin
samples titrated with 3 pl injections of 150 pM NCOA4-D, in 100 mM sodium phosphate and 100 mM NacCl, pH 7.4 and 25.00 °C. All purified ferritin samples were
produced in M9 medium and contained <50 iron atoms per ferritin molecule (i.e., apo-ferritins). (B) 7 % native- and 12%SDS-PAGE of NCOA4-D-ferritin interactions
studied by EMSA with conditions indicated above each lane.
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minimal medium contained <50 4+ 10 Fe(IlI)/ferritin molecule, as
determined by an iron reductive mobilization assay [34,35].

2.3. Expression and purification of human NCOA4 domain (383-522)

The pET-12a/hNCOA4 (383-522) plasmid was used to transform
BL21 (DE3) pLys strain of E. coli and expression was induced in an LB
medium using 0.4 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) at
37 °C for 4 h. The bacteria pellet was re-suspended in 20 mM NayHPOy,
100 mM NacCl pH 6.2 and sonicated for 2 cycles at 5 min each and 50-60
% amplitude. The protein sample was then loaded on a HiTrap Q HP or a
HiTrap Q FF strong anion exchange chromatography columns (Cytiva)
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equilibrated with 20 mM Nay;HPO4, 100 mM NaCl pH 6.2. The flow
through fractions containing the NCOA4 domain protein (NCOA4-D, aa
383-522) were re-loaded on a Ni-NTA column equilibrated with 20 mM
NapHPO4, 100 mM NacCl, pH 6.2 and eluted with a linear imidazole
gradient 0-0.5 M in 20 mM NayHPO,4, 500 mM NaCl, pH 6.2 buffer. The
fractions that contained recombinant human NCOA4-D (brown color)
were collected and concentrated using a 10 kDa cut-off Amicon
concentrator, maintained at 4-8 °C. To obtain a colorless NCOA4-D
without the iron-sulfur cluster, the solution was treated for 30 min
with 10 mM dithionite under a positive atmosphere of argon, washed
several times with buffer, and then thoroughly dialyzed overnight into
the final working buffer.
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Fig. 3. Calorimetric titrations of holo-NCOA4-D (containing a Fe—S cluster) with homopolymer H- and L-ferritins (FtH and FtL, respectively) and heteropolymer
ferritins at the indicated H to L subunit ratios, and plots of the integrated heats vs. the NCOA4:ferritin molar ratio. Conditions: 3.0 M ferritin samples titrated with 3
pl injections of 150 pM NCOA4-D, in 100 mM sodium phosphate and 100 mM NaCl, pH 7.4 and 25.00 °C. All purified ferritin samples were produced in LB medium

and were further loaded with exogenous iron (one injection of 300 Fe''/shell) and have an average iron core of ~500 Fe'

! /shell. The exception is the H-rich ferritin

sample 80%H:20%L or 19H:5L which was not treated with exogenous iron and thus contained an average iron core of ~200 Fe''/shell. These ferritin samples are

referred to as holo-ferritins.
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Fig. 3. (continued).

2.4. Native and SDS gel electrophoresis, and SDS-capillary gel
electrophoresis (SDS-CGE)

Native-PAGE (7 % acrylamide) stained with Coomassie blue (Sigma-
Aldrich) and gel electrophoresis mobility shift assays (EMSA) were used
to investigate the interactions between ferritin and NCOA4-D using
different ratios of NCOA4-D and ferritin. SDS—PAGE gels (12 % acryl-
amide) with densitometry analysis (Bio-Rad system) were used to
examine the integrity of the ferritin samples and to estimate the ferritin
subunit composition from band intensities. To more accurately quantify
the H and L subunit composition of purified recombinant human ho-
mopolymer and heteropolymer ferritins, capillary gel electrophoresis
experiments were performed under denaturing conditions (SDS-CGE)
using an Agilent Technologies 7100 model capillary electrophoresis
(CE) instrument. The procedure and the detailed conditions have been
published in previous papers from our lab [14,29-31]. Briefly, a Sciex

SDS-CGE analysis kit and an Agilent Technologies 50 pm ID bare fused
silica capillary were used in these experiments. The capillary was pre-
conditioned with a series of high-pressure washes and conditioning
using NaOH, HCI, water, and SDS gel buffer. Protein samples (typically
100 pl at 1-2 mg/ml) were prepared in SDS sample buffer (>60 % by
volume) with 2-beta-mercaptoethanol (5 % (v/v)), heated at 100 °C,
cooled to room temperature, and then injected electro-kinetically on the
CE instrument. Ferritin H and L subunit separation occurred under a
negative applied voltage with pressure maintained at 2.0 bar and a
temperature of 25 °C. Detection was set at a wavelength of 220 nm, with
a reference wavelength of 350 nm and a response time of 1.0 s.

2.5. Isothermal titration calorimetry (ITC)

ITC experiments were performed using a TA Instruments small-
volume Nano ITC instrument with gold cells and an active cell volume
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Fig. 4. Calorimetric titrations of colorless apo-NCOA4-D (lacking a Fe—S cluster) with homopolymer H- and L-ferritins (FtH and FtL, respectively) and hetero-
polymer ferritins at the indicated H to L subunit ratios, and plots of the integrated heats vs. the NCOA4:ferritin molar ratio. Conditions: 3.0 pM ferritin samples
titrated with 3 pl injections of 160 pM NCOA4-D, in 100 mM sodium phosphate and 100 mM NaCl, pH 7.4 and 25.00 °C. All purified ferritin samples were produced
in LB medium and contained about 200 Fe'!/shell iron core, with the exception of a holo-ferritin sample (holo-FtH) produced in LB medium supplemented with 250
mg ferrous ammonium sulfate per liter of culture.
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Fig. 4. (continued).

of 185 pl. The association constant (Ka), stoichiometry (n), and enthalpy
change (AH) of the reaction were simultaneously and directly measured
in a single ITC experiment. The Gibbs free energy of binding (AG) was
calculated using AG = —RT In Ka, and the enthalpy change (AS) was
calculated from the equation AG = AH — TAS. All titrations were con-
ducted at 25.00 °C in a buffer of 100 mM sodium phosphate, 100 mM
NacCl, pH 7.4, with a stirring rate of 250 rpm and a 50 pl titrating syringe.
Each ITC experiment consisted of an automated sequence of 16 in-
jections, 3 pl each, of an NCOA4-D working solution into the sample cell
containing ferritin. Injections were spaced 5 min apart to allow for
complete equilibration, with the equivalence point occurring at the
midpoint of the titration area. Data were collected and analyzed using
Nano-Analyze software from TA Instruments, employing a model of one
class of independent binding sites. Experiments were repeated two to
three times on average to ensure reproducibility, with a background

correction in the absence of ferritin to account for the heat of mixing and
dilution. Standard errors from replicate determinations are indicated in
Table 1, and specific conditions for each experiment are detailed in the
figure captions.

3. Results
3.1. Characterization of purified NCOA4-D and ferritin samples

The UV-vis spectrum of purified NCOA4-domain (383-522),
NCOAA4-D, revealed an intense brown color with a main peak at ~416
nm and broad shoulders at ~455 nm and ~500 nm (Fig. 1A) charac-
teristic of iron-sulfur clusters [36,37]. These peaks along with the pro-
tein's brown color disappeared after treatment with dithionite,
suggesting reduction and loss of the Fe—S clusters (Fig. 1, inset) and that
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the iron-sulfur cluster is redox-active. As expected, a band for purified
NCOAA4-D appears at ~17 kDa on 12 % SDS-PAGE (Fig. 1C). Similarly,
heteropolymer ferritin samples showed two bands on 12 % SDS-PAGE,
corresponding to the H and L subunits with the gel band intensities
corresponding to the expected H:L subunit ratio.

To confirm and accurately quantify the ferritin H to L subunit ratio,
SDS-CGE experiments were conducted and showed well-resolved peaks
of the L and H subunits. From the area under the CGE peaks, the subunit
composition of heteropolymer ferritins was calculated with the H and L
subunit ratio displayed next to each electropherogram in Fig. 1B.

3.2. Isothermal titration calorimetry (ITC) of NCOA4-D and ferritin
interactions

To investigate the interactions between NCOA4-D and ferritin, ITC
experiments were performed using both colored and colorless NCOA4-D
and different types of ferritin (apo-ferritin without an iron core, holo-
ferritin with an iron core, homopolymer H- (FtH) and L-ferritin (FtL),
and heteropolymer ferritins of different H to L subunit ratios). In this
study, we refer to colored NCOA4-D samples as “Holo-NCOA4-D”, and
colorless NCOA4-D samples as “Apo-NCOA4-D” to illustrate the pres-
ence or absence of the Fe—S cluster in NCOA4-D, respectively. In all ITC
experiments, recombinant human ferritin was placed in the ITC sample
cell (185 pl cell volume) and titrated sequentially with 3 pl injections of
NCOA4-D preloaded into the 50 pl injection syringe. The raw calori-
metric data (pJ/s), and the integrated heats (pJ) for each injection versus
the molar ratio of NCOA4-D to ferritin, after subtraction of the heat of
dilution, are illustrated in Figs. 2-4. Notably, the reaction heats from the
titration of NCOA4-D into homopolymer L-ferritin (FtL) are very similar
to those obtained when NCOA4-D is titrated into buffer, suggesting no
association between NCOA4-D and L-ferritin, as previously found [29].

3.3. Holo-NCOA4-D binding to homopolymer and heteropolymer ferritins

3.3.1. Holo-NCOA4-D binding to apo-ferritins

To investigate whether the binding of NCOA4-D requires the pres-
ence of an iron core inside ferritin, ITC experiments were initially per-
formed with ferritin samples that lacked an iron core (apo-ferritin with
<50 Fe'l atoms per ferritin molecule). These apo-ferritin samples were
produced in an iron-free M9 minimal medium and did not exhibit the
typical yellow color, which usually indicates the presence of a sizeable
iron core. Additionally, a ferritin iron reductive mobilization assay using
the non-enzymatic FMN/NADH system [11,35] and the strong ferrous
ion chelator, ferrozine [34], showed <50 iron atoms per ferritin mole-
cule (data not shown), suggesting essentially an iron core-free ferritin.

ITC titrations of holo-NCOA4-D with homopolymer H-ferritin
without an iron core (apo-FtH) revealed ITC upward positive peaks,
corresponding to an exothermic reaction (Fig. 2), with the heats at the
end of the reaction being similar to those of the control experiment (i.e.,
dilution of NCOA4-D into buffer). Accordingly, the data was curve-fitted
using a model of one set of independent binding sites. Excellent fits were
achieved with an average binding stoichiometry (n) of 2.4 + 0.2
NCOA4-D molecule per ferritin shell and an average apparent binding
affinity of ~(1.3 + 1.1) x 10 M~! (Table 1). The average enthalpy and
entropy changes of the reaction were AH ~ —49.9 + 0.88 kJ/mol and
AS ~ —58.6 + 0.68 J K~! mol ™. The large and negative AH and AS
values suggest an exothermic/energetically favorable reaction and the
formation of an ordered system, and are typically due to structural
stabilization, desolvation effects, and the formation of a more rigid and
structured complex. A similar pattern is observed with heteropolymer
ferritin samples in their apo-forms (i.e. 88%H:12%L or ~21H:3L, and
50%H:50%L or 12H:12L), as shown in Table 1. Since NCOA4-D binds
exclusively to ferritin H subunits, the 12H:12L sample exhibited a lower
binding stoichiometry, as expected, due to the reduced number of
available H subunits (Table 1).

To investigate the interactions between the two forms of NCOA4-D
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(with and without the Fe—S cluster), we performed gel electropho-
resis mobility shift assays (EMSA) using various NCOA4-D to ferritin
ratios (Fig. 2B). The EMSA results revealed upward-shifted bands for the
1:1, 1:8, and 24:1 NCOA4-D to ferritin ratios, with no visible bands for
ferritin alone, indicating the formation of a higher molecular weight
complex between NCOA4-D and ferritin, in support of the ITC results. As
expected, no mobility shift was observed with homopolymer L ferritin
(FtL), confirming the exclusive interactions between NCOA4-D and
ferritin H subunits. Samples taken at the end of the ITC titrations also
showed an EMSA mobility shifts similar to the “pre-prepared” com-
plexes, confirming the formation of NCOA4-D-ferritin complexes. On
denaturing SDS-PAGE, both NCOA4-D and ferritin showed similar
mobility, resulting in a single intense band around 21 kDa (Fig. 2B),
corresponding to the dissociated ferritin and NCOA4-D, consistent with
the earlier results shown in Fig. 1C.

3.3.2. Holo-NCOA4-D binding to holo-ferritins

In another series of ITC experiments, holo-NCOA4-D was titrated
into solutions of holo-ferritin (both H- and L-homopolymers, FtH and
FtL, and H/L heteropolymers including 88%H:12%L or ~21H:3L, 50%
H:50%L or 12H:12L, and 5%H:95%L or ~1H:23L) containing an iron
core of ~500 Fe'/shell. These holo-ferritins were produced in LB me-
dium and initially contained ~200 Fe'/shell. They were loaded in vitro
with exogenous iron (one injection of 300 Fe'l/shell) to obtain the
aforementioned holo-ferritin samples with an average iron core size of
~500 Fe''/shell. The holo-H-homopolymer (holo-FtH) and the 21H:3L
heteropolymer samples showed the highest binding stoichiometry of
~5-6 NCOA4-D molecules per ferritin shell, followed by the 12H:12L
sample (~3 NCOA4-D per ferritin shell). As expected, no detectable
binding isotherms were observed with holo-NCOA4-D titration against
holo-L-ferritin; however, heats of binding were observed with a holo-L-
rich ferritin (i.e. 1H:23L), suggesting that the presence of at least 1 H
subunit in ferritin is sufficient for interactions with NCOA4-D (Fig. 3).
However, the thermodynamic parameters in this latter case could not be
determined accurately due to the few numbers of peaks defining the
binding isotherm. A similar ITC isotherm and binding thermodynamics
were obtained with a heteropolymer ferritin sample (i.e. 80%H:20%L or
19H:5L) produced in LB with an iron core of about 200 Fe'/shell (Fig. 3,
Table 1) but without exogenously added iron. Compared to the results
with the apo-ferritin samples, the presence of an iron core enhanced the
binding interactions with holo-NCOA4-D, displaying higher binding
stoichiometries, and an increase in the AH and AS values (both nega-
tive). The higher values for both AH and AS (Table 1) highlight the
distinct nature of the interactions between holo-NCOA4-D and holo-
ferritins, compared to holo-NCOA4-D and apo-ferritins, and indicate
stronger or additional binding interactions and a more ordered or
structured binding.

3.3.3. Apo-NCOA4-D binding to holo-ferritins

To explore whether the presence of an Fe—S cluster on NCOA4-D
influences the interaction with ferritins, ITC experiments were
designed utilizing both homopolymer H- and L-ferritins, and hetero-
polymer ferritins including 70%H:30%L or 17H:7L, 67%H:33%L or
16H:8L, and 58%H:62%L or 14H:10L, each containing ~200 Fe'/shell
iron core. The results show a decrease in the AH values (from ~—55 kJ/
mol in the case of holo-NCOA4-D to ~—24 kJ/mol in the case of apo-
NCOAA4-D), suggesting that the Fe—S cluster enhances bond formation
and strengthens the association of NCOA4-D with ferritin (Fig. 4,
Table 1). Additionally, the AS values switched from large and negative
(i.e. ~—70 JK~! mol™! in the case of holo-NCOA4-D) to small and
positive (i.e. ~+32 JK! mol ™! in the case of apo-NCOA4-D), reinforc-
ing the notion of a weaker interaction between apo-NCOA4-D and holo-
ferritins and thus a role for the Fe—S cluster in strengthening the asso-
ciation between holo-NCOA4- and ferritins (Fig. 4, Table 1). The dif-
ferences in the AH and AS values between the apo- and the holo-forms of
NCOA4-D highlight the distinct nature of the interactions involved.
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Fig. 5. Summary of the thermodynamic results from all ITC titrations reported
in Figs. 2, 3, 4 and Table 1.

Without the Fe—S cluster, the binding is driven by favorable enthalpy
change and increased disorder, while with the Fe—S cluster the binding
is driven by even more favorable enthalpy at the cost of further decrease
in entropy due to an increased order in the system. Similar results were
obtained with a ferritin sample produced in an LB medium supple-
mented with 250 mg ferrous ammonium sulfate per liter of culture
(Table 1). The purpose of supplementing the LB medium with exogenous
iron is to determine if differences in binding thermodynamics can be
observed between a ferritin sample loaded with exogenous iron, after
purification, and a ferritin sample produced in LB medium supple-
mented with exogenous iron, simulating iron overload conditions.
Overall, our results demonstrate that the presence of the Fe—S cluster
significantly impacts the thermodynamics of the binding interactions
between NCOA4-D and ferritin, making the association stronger and
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more ordered.
4. Discussion

NCOA4-mediated ferritinophagy is an essential mechanism for
normal iron homeostasis that involves the binding of NCOA4 to ferritin
H subunits, leading to the release of the iron stored inside ferritin
[27,38]. Dysregulation of NCOA4 is associated with several pathological
conditions, including neurodegenerative diseases, ischemia/reperfusion
injury, and cancer [19]. The lysosomal degradation of ferritin by the
selective autophagy adaptor NCOA4 is essential for iron bioavailability
and utilization in processes like heme and iron-sulfur cluster biosyn-
thesis [16]. When iron levels are low, ferritin is transported to lysosomes
either via NCOA4-driven macro-autophagy or a noncanonical pathway
triggered by iron-induced condensation of NCOA4 during prolonged
iron-replete conditions [27,38,39]. Hyperoxic conditions also trigger
ferritinophagy through iron-induced NCOA4 condensation, while hyp-
oxic conditions promote the incorporation of an Fe—S cluster into
NCOAA4, leading to its degradation by HERC2 [21].

Earlier studies have explored the interactions between NCOA4-D and
ferritin, demonstrating a strong affinity between the two proteins
[28,29]. However, these studies have not examined the role (if any) of
the Fe—S cluster bound to NCOA4-D, or the effects of ferritin H and L
subunit composition and ferritin iron content on the binding in-
teractions between the two proteins. A more recent cryo-EM structure
from our laboratory identified several key amino acids on NCOA4-D and
FtH that are essential for their interaction [40]. The cryo-EM structure
elucidated the reason for the binding selectivity of NCOA4-D towards
ferritin's H subunits and revealed the structural basis of NCOA4-
mediated ferritinophagy [40]. Other studies [20,21] revealed that the
presence of an Fe—S cluster on NCOA4 acts as a cofactor for sensing
intracellular iron levels and dictates the fates of NCOA4 and ferritin.
While structural data for the Fe-S-NCOA4 complex is currently lacking,
site-directed mutagenesis showed that four cysteine residues (C404,

Complexes

No Interaction

Holo-L-Ferritin

Fig. 6. Schematic illustration of NCOA4-D interaction with ferritin in-vitro.
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C410, C416, and C422) are crucial for the formation of the iron-sulfur
cluster in NCOA4 [20,21]. The removal of the Fe—S cluster from
NCOA4 is likely to induce a conformational change in the protein, as
suggested by Kuno et al. [39], who found that the interaction between
NCOA4 and HERC2 was governed by an iron-dependent conformational
change in NCOA4. However, further research is needed to confirm this.
Moreover, in a previous study from our laboratory [29], we showed that
iron mobilization from ferritin by reducing agents was inhibited by
NCOA4 concentration, suggesting that NCOA4 binding to ferritin may
disrupt electron transfer reactions through the ferritin shell. However,
further research is needed to explore in more details potential redox
reactions involved between the Fe—S cluster in NCOA4 and the ferritin
iron cores. In this work, we employed isothermal titration calorimetry
(ITC) to explore the interactions between NCOA4-D and various ferritins
(homopolymers and heteropolymers) and elucidate the effect of ferritin
iron loading and ferritin H/L subunit composition, as well as the role of
the Fe—S cluster on the thermodynamics of these interactions.

Our ITC experiments demonstrated significant differences in the
binding thermodynamics between NCOA4-D (with and without the
Fe—S cluster) and various forms of ferritins (i.e. homopolymers, heter-
opolymers, iron-free, and iron-loaded ferritins). Overall, the binding
reactions between NCOA4-D and ferritins (both in their apo and holo
forms) exhibited exothermic and energetically favored reactions (i.e.
negative AH). However, a large and negative AS of reaction was
observed with holo- but not apo-NCOA4-D, suggesting a more ordered
and structured system and an important role for the Fe—S cluster in
stabilizing the complex (Table 1, Fig. 5). Additionally, the presence of a
ferritin iron core enhanced the binding thermodynamics between
NCOA4-D and ferritin, as evidenced by the further increase in the values
of both AH and AS (Table 1). To better visualize the interactions be-
tween NCOA4-D and ferritin, we created a schematic illustration of these
reactions, as depicted in Fig. 6. In vitro studies have shown that iron-
loaded ferritins are 10 to 20 °C less stable than apo-ferritin [30]. It
has been proposed that this reduced thermal stability may result from
structural destabilization around the 3-fold channels with potentially
significant physiological implications [30]. For instance, the level of
ferritin iron loading could serve as a sensor or be involved in cellular
signaling pathways that trigger ferritin degradation and iron recycling.
It remains unknown whether similar structural modifications also occur
in vivo and whether specific biomolecules or cellular regulators are
required to recognize these changes. Such processes could either (1)
expose the ferritin iron mineral to cellular reductants to maintain iron
homeostasis, (2) direct the ferritin molecule for lysosomal degradation
and iron release, or (3) sequester ferritin as lysosomal hemosiderin if
iron is in excess and not needed for cellular use. One stimulating pos-
sibility is that NCOA4 might act as the cellular regulator capable of
sensing or detecting small structural or conformational changes in
ferritin and the increasing iron levels inside the ferritin cavity, thereby
triggering its interaction with ferritin and ultimately ferritinophagy.

Overall, our findings highlight the critical role of the Fe—S cluster
and ferritin iron content in modulating the binding interactions between
NCOA4-D and ferritin. They provide important insights into the mo-
lecular mechanisms underlying NCOA4-ferritin interactions and the
potential regulatory function that Fe—S cluster, and the ferritin iron
core, may exert during the process of ferritinophagy.
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