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ABSTRACT

The ability to navigate long distances is essential for
many animals to locate shelter, food, and breeding
grounds. Magnetic sense has evolved in various
migratory and homing species to orient them based
on the geomagnetic field. A highly conserved iron-
sulfur cluster assembly protein IscA is proposed as
an animal magnetoreceptor (MagR). Iron-sulfur
cluster binding is also suggested to play an essential
role in MagR magnetism and is thus critical in animal
magnetoreception. In the current study, we provide
evidence for distinct iron binding and iron-sulfur
cluster binding in MagR in pigeons, an avian species
that relies on the geomagnetic field for navigation
and homing. Pigeon MagR showed significantly
higher total iron content from both iron- and iron-
sulfur binding. Y65 in pigeon MagR was shown to
directly mediate mononuclear iron binding, and its
mutation abolished iron-binding capacity of the
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protein. Surprisingly, both iron binding and iron-sulfur
binding demonstrated synergistic effects, and thus
appear to be integral and indispensable to pigeon
MagR magnetism. These results not only extend our
current understanding of the origin and complexity of
MagR magnetism, but also imply a possible
molecular explanation for the huge diversity in
animal magnetoreception.
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INTRODUCTION

Homing and migration are natural phenomena observed in
species across all major phyla in the animal kingdom and
display remarkable diversity (Johnsen & Lohmann, 2008;
Wiltschko & Wiltschko, 1995; Wiltschko & Wiltschko, 2005).

Received: 18 November 2022; Accepted: 07 December 2022; Online:
08 December 2022

Foundation items: This study was supported by the National Natural
Science Foundation of China (31640001 to C.X., U21A20148 to X.Z.
and C.X.), and the Presidential Foundation of Hefei Institutes of
Physical Science, Chinese Academy of Sciences (Y96XC11131,
E26CCG27, and E26CCD15 to C.X.)

*Corresponding author, E-mail: canxie@hmfl.ac.cn


mailto:canxie@hmfl.ac.cn
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:canxie@hmfl.ac.cn
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Two fundamentally different forms of information, e.g.,
direction from polarity and magnetic maps based on intensity
and/or inclination, can be derived from the geomagnetic field
and play an important role in navigation (Dennis et al., 2007;
Heyers etal, 2007; Heyers etal., 2010; Wiltschko &
Wiltschko, 1995; Zapka et al., 2009). Several sophisticated
theoretical models, including the magnetite-based model
(Cadiou & McNaughton, 2010; Kirschvink et al., 2001; Walcott
etal., 1979), cryptochrome (Cry)-based radical-pair model
(Hore & Mouritsen, 2016; Maeda et al., 2008; Ritz et al., 2000;
Rodgers & Hore, 2009), and MagR/Cry-based biocompass
model (Lohmann, 2016; Qin etal., 2016; Xie, 2022), have
been proposed to explain how animals perceive guidance
cues, including polarity, intensity, and inclination from the
geomagnetic field, to navigate long distances (Mouritsen,
2018) and home ranges (Voss et al., 2007). In these models
and several recently proposed alternative hypotheses (Natan
etal., 2020; Nimpf etal., 2019), a fundamental question is
how biomolecules respond to changes in external magnetic
fields. Metals and metalloproteins are certainly promising
candidates for animal magnetoreception, as suggested by the
magnetite, biocompass, and several alternative models.

Metal ions, even at low concentrations, play an important
role throughout the biological clades in various biological
processes, acting as catalysts, signaling agents and redox
centers. Most metal ions bind to specific proteins or enzymes,
called metal-binding proteins and metalloproteins, which
account for around 40% of all enzymes with known 3D
structures in the Protein Data Bank (PDB) and nearly half of
all naturally occurring proteins in biology (Garcia et al., 2006;
Liu etal., 2014; Waldron et al., 2009). Iron-sulfur proteins,
among the most ancient metalloproteins on Earth, serve as
electron carriers in all kingdoms of life due to the redox
properties of iron-sulfur clusters (Johnson et al., 2005; Kiley &
Beinert, 2003; Lill, 2009).

While iron-sulfur proteins are well known for their critical
roles of electron transport (ET) in fundamental physiological
processes such as photosynthesis and cellular respiration,
they are also involved in nitrogen fixation and DNA replication
and repair (Fontecave, 2006; Johnson et al., 2005; Kiley &
Beinert, 2003; Mettert & Kiley, 2015; Rouault, 2015). However,
novel functions of this ancient protein superfamily continue to
be discovered. As a highly conserved A-type iron-sulfur
protein originally identified as a scaffolding protein for iron-
sulfur cluster assembly (Jacobson et al., 1989; Ollagnier-De-
Choudens et al., 2001), IscA has also been proposed as a
novel magnetoreceptor in animals, thus renamed MagR (Qin
etal.,, 2016). Recent studies have reported the conserved
interaction between MagR and Cry in almost all animal
species, the colocalization of MagR and Cry4 proteins in
pigeon retina, and the intrinsic magnetic properties of the
MagR/Cry complex, leading to the development of the
MagR/Cry-based biocompass model of animal
magnetoreception (Lohmann, 2016; Qin et al., 2016).

Various theoretical approaches have been applied to
explain how the MagR/Cry complex senses the geomagnetic
field, with the biocompass model further modified and
expanded to quantum mechanics in the past few years (Cao &
Yan, 2018; Xiao et al., 2020; Xie, 2022; Zhao et al., 2022). In

the latest view of the biocompass model, magnetically
responsive MagR and photosensitive Cry form a rod-like
complex with intrinsic magnetic properties (Qin et al., 2016).
An evolutionally conserved intermolecular electron transport
(ET) pathway connects MagR and Cry in the complex, in
which electrons travel stepwise along a flavin-tryptophan
chain, as described in the classic radical pair model and
further extended to iron-sulfur clusters in MagR (Xie, 2022).
Therefore, the MagR/Cry-based biocompass model may
provide a solution for inclination and polarity detection and
help illuminate the mechanism of light- and magneto-coupling
and crosstalk between magnetoreception and circadian
rhythm behavior in animals.

Despite rapid and significant progress in elucidating the
underlying mechanisms of MagR and the MagR/Cry-based
biocompass model, questions related to the origin of
magnetism in MagR and the MagR/Cry complex remain
unresolved. Therefore, the metal-binding properties of MagR
and their effects on protein magnetism have attracted
attention. The iron-sulfur cluster binding of MagR (IscA) was
first identified in Escherichia coli IscA (eclscA) (Ollagnier-De-
Choudens et al., 2001). Several studies have further revealed
that E. coli IscA exhibits unique and robust iron-binding
activity, indicating that IscA may act as an iron chaperone for
iron-sulfur cluster biogenesis (Ding & Clark, 2004; Landry
etal., 2013; Yang etal, 2015). Mononuclear iron-bound
MagRs (IscAs) have also been identified in yeast and humans,
playing roles in the de novo synthesis of [4Fe-4S] clusters in
mitochondria (Lill etal.,, 2012; Lu etal., 2010; Muhlenhoff
etal.,, 2011). However, whether MagR simultaneously binds
iron and iron-sulfur clusters in eukaryotic organisms, and how
iron binding and iron-sulfur binding confer protein magnetism
and animal magnetoreception, remains unclear.

Therefore, the characterization of iron-sulfur clusters and
mononuclear iron bound to MagR will certainly shed light on
these questions. Two forms of iron-sulfur clusters, i.e., [2Fe-
2S] and [3Fe-4S], have been identified in pigeons (Columba
livia) MagR (clMagR) and different iron-sulfur clusters bound
to clMagR show different magnetic properties, suggesting a
possible magnetic switch of MagR via iron-sulfur cluster
binding (Guo etal., 2021). Based on the self-assembly
dynamics of clMagR, tetramer is considered as a building
block for hierarchical assembly (Yang et al., 2022). Another
recent study using small-angle X-ray scattering (SAXS)
suggested that cIMagR assembly is controlled by the external
static magnetic field, in which iron-sulfur cluster binding is
thought to be critical (Arai et al., 2022).

Taken together, these data suggest that metal binding,
including iron binding and iron-sulfur cluster binding, may not
only play a role in magnetism but also in the magnetic
response of MagR. Therefore, it is important to verify whether
pigeon MagR binds mononuclear iron as well as iron-sulfur
clusters and how iron and iron-sulfur clusters contribute to the
magnetic properties of MagR.

Here, the iron-binding activity of clMagR was confirmed by
spectroscopy and site-directed mutagenesis. Interestingly,
both iron- and iron-sulfur-binding contributed essentially and
indispensably to the magnetic properties of cIMagR at
temperatures of 5 K and 300 K. Mutating either one turned the
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protein from paramagnetic to diamagnetic. Our results suggest
that iron- and iron-sulfur-binding of MagR may be species-
specific and work synergistically with protein magnetism. This
study should provide insights into the huge diversity of
magnetoreception in different organisms.

MATERIALS AND METHODS

Protein expression and purification

The expression vector containing the pigeon (Columba livia)
MagR (cIMagR) gene was constructed as described
previously (Qin etal, 2016), and the cIMagRY®* and
cIMagRY%  plasmids were obtained by site-directed
mutagenesis (Tiangen Inc., China) according to the
manufacturer’s instructions. Wild-type cIMagR and mutant
proteins were recombinantly expressed in the E. coli strain
BL21 (DES3). Bacterial cells were harvested after induction with
20 pupmol/L  isopropyl-D-1-thiogalactopyranoside  (IPTG)
overnight at 15 °C. The harvested bacterial cells were
resuspended in lysis buffer (20 mmol/L Tris, 500 mmol/L NaCl,
pH 8.0) with complete protease inhibitor cocktail and lysed by
sonication on ice. After centrifugation at 4 °C and 15 000 r/min
for 30 min, the supernatant was collected and loaded into a
Strep-Tactin affinity column (IBA GmbH, Germany). The
column was washed with 20 column volumes (CV) of washing
buffer (20 mmol/L Tris, 500 mmol/L NaCl, pH 8.0) to remove
unbound proteins. After washing, clMagR and its mutants
were eluted using elution buffer (20 mmol/L Tris, 500 mmol/L
NaCl, 5 mmol/L desthiobiotin, pH 8.0). For sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), a
protein ladder (Thermo Scientific, Product# 26616, USA) was
used as the molecular weight standard.

Electron paramagnetic resonance (EPR) measurement

The EPR spectra of the cIMagR samples were recorded at the
X-band on a Bruker EMX plus 10/12 spectrometer using an
Oxford ESR-910 liquid helium cryostat. Briefly, 200 pL of 1
mmol/L purified protein (oxidized) was mixed with 50 pL of
glycerol in TBS buffer (20 mmol/L Tris, 150 mmol/L NaCl, pH
8.0). The reduced proteins were prepared by adding 10
mmol/L Na,S,0,4 to the samples. The protein samples were
transferred into a quartz EPR tube (Wilmad 707-SQ-250 M)
and frozen in liquid nitrogen. The EPR signals were monitored
at different temperatures (10 K, 25 K, 45 K, and 60 K) with a
microwave frequency of 9.40 GHz, microwave power of 2 mW,
modulation amplitude of 2.0 G, and receive gain of 1.0x10%.

Ultraviolet-visible absorption and circular dichroism
measurement

Ultraviolet-visible (UV-Vis) spectra were scanned at room
temperature at near UV-visible wavelengths (300-600 nm)
and using a NanoDrop spectrophotometer (NanoDrop OneC,
Thermo  Scientific, USA). Circular dichroism (CD)
spectroscopy was used to monitor protein-bound co-factors,
such as metals or iron-sulfur clusters, in the near UV-visible
range (300-600 nm). Wild-type cIMagR and mutant proteins
(100 pmol/L or 300 pmol/L when L-cysteine was added) were
measured using a MOS-500 (Biologic) CD spectrometer at
room temperature. Phosphate-buffered saline (PBS) buffer
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(0.01 mol/L, NaCl, Na,HPO,4-12H,0, NaH,PO,-2H,0, pH 7.4)
was used as a blank control.

Ferrozine assay

The ferrozine assay is an accurate and rapid method of iron
quantitation in biological systems (De Mello Gabriel etal.,
2021; Im et al., 2013). Here, a series of ferric chloride (FeCly)
solutions (0.1-1.0 mmol/L) were prepared in HCI (1 mol/L) to
generate a standard curve. Iron content in MagR and its
mutant proteins was quantified and analyzed using the
ferrozine assay based on the stand curve. Briefly, 80 uL of
HAHCI (hydroxylamine hydrochloride, 10% w/v HAHCI in 1
mol/L HCI) was mixed with 20 pL of protein (0.1 mmol/L). After
incubating the mixture at 37 °C for 30 min in the dark, 100 pL
of ferrozine solution (1 g/L ferrozine in 50% w/v ammonium
acetate) was added to each well and incubated at 37 °C for 5
min in the dark. The iron-ferrozine complex was measured at
562 nm on a microplate reader (Tecan Spark). Iron levels in
the protein samples were determined by linear regression
analysis. There were three replicates for each protein sample.
Histograms and statistical analyses were performed using
GraphPad Prism software. Protein samples were tested for
differences in total iron using a t-test and were considered
significantly different at P<0.05.

Chemical reconstitution of iron-sulfur clusters in
cIMagR"™ and mutants

The purified wild-type clIMagR and mutant proteins (400
pmol/L) were incubated with 10 mmol/L Na,S,0, and 10
mmol/L ethylenediaminetetraacetic acid (EDTA) overnight at 4
°C in TBS buffer (20 mmol/L Tris, 150 mmol/L NaCl, pH 8.0) to
remove iron-sulfur clusters. The mixture was desalted using a
PD MiniTrap G-25 desalting column (GE Healthcare, USA).
The obtained protein samples were labeled as “apo-ciIMagR”.
Apo-cIMagR was incubated with 5 mmol/L dithiothreitol (DTT)
for 30 min at 4 °C, then with Fe(NH,4),(SO,), (1.6 mmol/L) and
Na,S (1.6 mmol/L) overnight at 4 °C. The mixture was
desalted using a PD MiniTrap G-25 desalting column (GE
Healthcare, USA) and the obtained protein samples were
labeled as “chem re clIMagR”.

Iron reconstitution in cIMagR"" and mutants

The purified wild-type cIMagR and mutant proteins (100
pumol/L) were incubated with the indicated concentrations of
Fe(NH4)2(SO4), (0-100 pmol/L) in the presence of DTT (2
mmol/L) at room temperature for 30 min, followed by protein
repurification with a PD MiniTrap G-25 desalting column (GE
Healthcare, USA). The absorption peak at 315 nm represents
iron binding in cIMagR.

Iron-sulfur cluster transfer experiments

The purified IscU protein (400 ymol/L) was incubated with
Fe(NH4)2(SO4), (3.2 mmol/L) and Na,S (3.2 mmol/L) in the
presence of DTT (5 mmol/L) for 3—4 h at room temperature.
The mixture was desalted using a PD MiniTrap G-25 desalting
column (GE Healthcare, USA). The obtained proteins were
labeled as “holo-IscU”. For the in vitro iron-sulfur cluster
transfer experiments, holo-IscU was incubated with Strep-
tagged apo-cIMagR in the presence of DTT (5 mmol/L) for 2-3
h. The two proteins were separated using a Strep-Tactin
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affinity column (IBA) after reaction. Iron-sulfur cluster transfer
was monitored by UV-Vis absorption at 315 nm and 420 nm.

Iron transfer experiments

Purified IscU (100 ymol/L) was incubated with clMagR (Strep-
tagged, as purified, 150 pmol/L), DTT (2 mmol/L), L-cysteine
(1 mmol/L), and IscS (1 pmol/L) at 4 °C for 3—4 h. After
incubation, the two proteins were separated using a Strep-
Tactin affinity column (IBA). Iron transfer was monitored by
UV-Vis absorption at 315 nm and 415 nm.

Magnetic measurement

The magnetic moment of the proteins was measured using a
superconducting quantum interference device (SQUID)
magnetometer. Briefly, protein samples, including wild-type
clMagR and mutants (in TBS buffer containing 20 mmol/L Tris,
150 mmol/L NaCl, pH 8.0) and blank controls (20 mmol/L Tris,
150 mmol/L NaCl, pH 8.0), were lyophilized using a freeze
dryer (Heto PowerDry LL3000, Thermo Scientific, USA). An
MPMS-3 magnetometer (Quantum Design, USA) equipped
with a SQUID sensor was used for magnetic measurement of
the lyophilized samples at different temperatures (5 K and
300 K). The fields applied were between -2 and 2 T. MH
curves (magnetization (M) curves measured versus applied
fields (H)) of proteins were obtained after subtracted the
background from the buffer control.

RESULTS

Iron-binding activity of pigeon MagR and bacterial IscA
MagR/IscA is an evolutionarily conserved A-type protein that
plays essential roles in iron-sulfur cluster assembly and animal
magnetoreception (Lu et al., 2020; Qin et al., 2016). However,
the iron-binding and iron-sulfur-binding activities of this protein
are complex and vary from species to species (Ding & Clark,
2004; Guo et al., 2021; Landry et al., 2013; Lill et al., 2012; Lu
et al.,, 2010; Muhlenhoff et al., 2011; Yang et al., 2015). The
IscA homodimer can bind [2Fe-2S] and [4Fe-4S] through three
conserved cysteine residues (C35, C99, and C101 for E. coli)
(Krebs et al., 2001; Ollagnier-De-Choudens et al., 2001), and
iron-sulfur cluster-binding patterns have been revealed by the
three-dimensional (3D) structure of [2Fe-2S]-bound IscA from
Thermosynechococcus elongatus (Morimoto etal., 2006).
Tight ferric iron-binding activity (Kd, 3x10'® M™") of IscA from
E. coli and humans (Homo sapiens) has been reported and a
conserved residue (Y40) for E. coli has been identified as a
potential site involved in iron binding (Ding & Clark, 2004; Lu
etal., 2010). As an avian homologous protein of IscA, [2Fe-
28] and [3Fe-4S] cluster binding via three conserved cysteine
residues (C60, C124 and C126) has been confirmed in pigeon
MagR (Guo et al., 2021).

To further investigate whether pigeon MagR can bind
mononuclear iron, in addition to known iron-sulfur cluster
binding, sequence alignment of MagR/IscA from seven
representative species was performed (Figure 1A). The
putative iron-binding site tyrosine 65 (Y65 in pigeon MagR,
corresponding to Y40 in E. coli IscA) is evolutionarily
conserved (Ding & Clark, 2004; Lu et al., 2010). Both proteins,
i.e., clMagR from pigeon and eclscA from E. coli, were

recombinantly expressed and purified to homogeneity under
aerobic conditions. Total iron content in cIMagR and eclscA
was measured using the ferrozine assay (Figure 1B) after the
addition of L-cysteine (Im etal.,, 2013; Jeitner, 2014). Iron-
sulfur binding was confirmed by UV-Vis absorption spectra
(Figure 1C). Pigeon MagR showed significantly higher total
iron content and iron-sulfur cluster binding compared to the
bacterial IscA protein. Interestingly, eclscA showed an
extremely low absorption peak at 415 nm and undetectable
absorption at 456 nm, indicating very low or no iron-sulfur
cluster binding in the purified protein, consistent with previous
reports (Ding & Clark, 2004; Landry et al., 2013).

Y65 mutation decreased total iron-content in pigeon
MagR

A 3D homology model of clMagR was obtained as described
previously (Qin etal., 2016; Xie, 2022), showing that the
putative iron-binding site Y65 was distant from the iron-sulfur
cluster-binding site formed by C60, C124, and C126
(Figure 1D, E). The distinctive binding sites allowed us to
mutate the iron-binding site but preserve iron-sulfur binding.
Therefore, two mutants (clMagRY®®" and cIMagR"®%%) were
generated in which the conserved tyrosine 65 (Y65) was
substituted with phenylalanine (Y65F) or alanine (Y65A),
respectively. Both mutants were used to test iron-binding
activity, and cIMagR®™ was obtained by mutating three
conserved cysteine residues (C60/C124/C126) to alanine to
abolish the iron-sulfur cluster binding of cIMagR (Figure 2).

Wild-type cIMagR and three mutants (clMagRY®F,
clMagRY%%*, and cIMagR®") were freshly prepared and purified
to homogeneity under aerobic conditions (Figure 2A). The UV-
Vis spectra showed absorption peaks in the 300-600 nm
region. As shown in Figure 2A, clMagR"" and two Y65
mutants (clMagR"®F and clMagR"®%*) showed absorption
peaks at 315 and 415 nm, and a shoulder at 456 nm,
indicating correct iron-sulfur cluster incorporation in the
protein. However, absorption decreased overall in clMagRY%5"
and cIMagRY%%A, likely because Y65-mediated iron binding of
the protein was damaged and/or iron-sulfur cluster binding
was affected by allosteric regulation. Purified clMagR®“
showed abolished absorption, suggesting that the three
conserved cysteines are required for both iron binding and
iron-sulfur binding.

CD spectroscopy was applied to characterize the iron-sulfur
cluster types and their protein environments. As shown in
Figure 2B, cIMagR"" and two Y65 mutants, but not clMagR3,
showed distinct positive peaks at 371 nm and 426 nm and
three negative peaks at 324 nm, 396 nm, and 463 nm,
respectively, suggesting that iron-sulfur cluster (especially
[2Fe-2S]) binding was preserved in cIMagRY®F and
cIMagRY®%". Iron-sulfur cluster binding and iron-sulfur cluster
types in cIMagR"" and the two Y65 mutants were further
confirmed by EPR spectroscopy (Supplementary Figure S1).

As L-cysteine can efficiently release iron from bacterial IscA
(Ding et al., 2005; Landry et al., 2013), we tested whether iron
can also be extruded from pigeon MagR by adding L-cysteine
to a purified clIMagR"™T protein solution. UV-Vis absorption of
clMagR showed a gradual decrease and final disappearance
after 2 h of incubation, indicating that iron was extruded from
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Figure 1 Iron binding in cIMagR and IscA

A: Sequence alignment of MagR in seven representative species. Predicted secondary structures are shown on upper line, with two alpha-helices

(represented by cylinders) and seven beta-strands (represented by arrows). Conserved residues with iron-sulfur cluster-binding properties are

shown with red background, indicated by stars. B: Total iron content of purified cIMagR and eclscA measured by ferrozine assay as the ratio of iron

atoms per protein monomer. T-tests were used to test for differences between repeated measures, and P<0.05 was considered significantly
different. C: UV-Vis absorption spectra of clMagR and IscA. D: Structural model showing putative iron-binding site (Y65) and iron-sulfur cluster-
binding site (C60, C124, and C126), in which two conserved cysteine residues (C124 and C126) of one monomer and one cysteine (C60) of a
second monomer form a complete cluster-binding site. E: Close view of iron-binding site and iron-sulfur cluster-binding site.

both iron-center and iron-sulfur clusters in clMagR
(Figure 2C). Iron release was also confirmed by CD
spectroscopy (Figure 2D). As the [4Fe—4S] and [3Fe—4S]
clusters usually exhibit negligible CD intensity compared to
[2Fe-2S] (Mapolelo etal., 2012), to validate whether L-
cysteine can also extrude iron from [3Fe—4S], EPR
spectroscopy at 10 K was applied to monitor iron-release from
oxidized cIMagR upon L-cysteine incubation (10 min to 2 h).
As shown in Figure 2E, the rhombic EPR signals at g=2.016,
g=2.004, and g=1.998 indicated the presence of [3Fe-4S] in
clMagR before L-cysteine incubation. The signals gradually
decreased and nearly disappeared after 2 h, suggesting that
iron was extruded from [3Fe—4S] clusters by L-cysteine
through ligand exchange (Im etal.,, 2013; Jeitner, 2014).
Therefore, the total iron content measured using the ferrozine
assay after the addition of L-cysteine contained all iron
released from the protein, including iron from the iron-binding
and iron-sulfur-binding sites (e.g., iron from both [2Fe-2S] and
[3Fe—4S] clusters).

Purified wild-type cIMagR and three mutants (clMagRY%F,
cIMagRY%*, and clMagR®") showed different coloration at the
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same concentration (300 pmol/L, Figure 2F). The cIMagR""
protein was dark brown in solution, whereas clMagR"®** was
yellowish and clMagRY%F was brown, in contrast to the
colorless clMagR® protein. The ferrozine assay of all four
proteins after L-cysteine incubation confirmed that clMagR""
contained the highest total iron content, while the Y65 mutants
(cIMagRY%F and cIMagRY%*4) and three cysteine mutation
(ciIMagR®“) all showed significantly decreased iron content
(Figure 2F). The iron content of clMagR®™ was nearly
abolished, probably due to the loss of iron-sulfur cluster
binding and diminished iron binding. The mutagenesis data
suggested that Y65 was involved in iron-binding activity, and
the three conserved cysteines were required for high-affinity
iron binding.

Iron binding is mediated by Y65 in pigeon MagR

EPR measurement was applied to identify iron-sulfur cluster
binding and directly validate iron binding in the proteins. As
shown in Figure 3A, wild-type clIMagR displayed a signal at
g=4.3, which is a distinctive peak reflecting a mononuclear
ferric iron center in the protein. In contrast, this peak
disappeared in the EPR spectra of clMagR"®**, clMagR"®F,


www.zoores.ac.cn

0.5 Y 10
cIMagR"™ " <§<’§<§’: 94 g»* — cIMagR"T cIMagR""
— cIMagRY** AR — clMagR"¢5
04 3 nm — clMagRY%" | — — cIMagRY¢5*
— cIMagR® | = 5 — cIMagR*
£ 415 nm 2
<03 4 a
c £
] ) 9=1.998
B ko clMagR"" + Cys 10 min
g 0.2 g g=2.016
2 =
< g |
0.1
0 ) ' -10 1 L : ) ) 9=1.995
300 350 400 450 500 550 600 300 350 400 450 500 550 600 clMagR"" + Cys 2 h
Wavelength (nm) Wavelength (nm) %_,Egioi
C 0.5 D 6 10K g=1.996
— cIMagR"" — cIMagR"" + + -
5157 cIMagR"T + Cys 10 min al cIMagR" + Cys 10 min 3000 3200 3400 3600 3800
0.4 — oIMagR"" + Cys 2 h — oIMagR" + Cys 2 h F . Magnetic field (Gauss)
=) o
] 9 OF & & {gs? N
S 415 nm a ] = S
g 03F- ¥ é \/\/\ N % d®®é®®%\ @@2\ \N&Q
2 { 2-3f 8 2}
2 S .
802 g ] q
2 = _6 (]
< o tl: .
5 1
0.1 P ol S .
© * ok k |—|
o I'_I
0 L L L L 1 12 L L L . L Ak
300 350 400 450 500 550 600 300 350 400 450 500 5560 600 &7 &7 &7

Wavelength (nm)

Wavelength (nm)

C‘%
7 9, 9, 9,
R 2N R )'6‘\5;7 9% JB:S‘,(\ % S,

Figure 2 Y65 mutation decreased iron content but preserved iron-sulfur binding in pigeon MagR

A: UV-Vis absorption spectra of cIMagR"" (black), clMagRY®** (red), cIMagRY®%" (green), and cIMagR® (gray). SDS-PAGE of purified protein is
shown as inset. B: CD spectra of clMagR"" (black), cIMagRY®** (red), clMagRY%F (green), and cIMagR®*" (gray). C: UV-Vis absorption spectra of
clMagR"T after incubation with L-cysteine at 4 °C for various time points. D: CD spectra of cIMagR"" after incubation with L-cysteine at 4 °C for

various time points. E: EPR spectra of clMagR recorded at 10 K, after incubation with L-cysteine at 4 °C for various time points. F: Total iron content

of purified wild-type cIMagR and mutants measured by ferrozine assay as the ratio of iron atoms per protein monomer. T-tests were used to test for
differences between repeated measures, and P<0.05 was considered significantly different.

and cIMagR®™ (Figure 3A), suggesting that the ferric iron
center was abolished by Y65 mutation, as well as by the three
conserved cysteine mutations.

Iron reconstitution experiments were also performed with
wild-type cIMagR and two Y65 mutants to investigate whether
Y65 mutation disrupts iron-binding capacity in vitro. Briefly,
proteins were incubated with increasing concentrations of
ferrous iron, then repurified based on previously described
procedures (Ding et al., 2005; Landry et al., 2013). As shown
in Figure 3, in both clIMagRY%%* (Figure 3D, E) and clMagRY%%"
(Figure 3F, G), the absorption peak at 315 nm, which
represents iron binding of the protein, only showed a slight
increase after incubation with ferrous iron in the presence of
DTT. In contrast, cIMagR"" showed a significant increase in
the absorption peak at 315 nm after iron reconstitution
(Figure 3B, C). Among the three proteins, clMagR"®** showed
saturated absorption at a very low concentration and nearly no
increase upon iron reconstitution, indicating that iron-binding
activity was abolished in this mutant. Therefore, based on
these findings, we concluded that Y65 directly mediated iron
binding, and mutating Y65 diminished or abolished iron-
binding activity in pigeon MagR.

As iron binding in clMagR is very stable, we next tested

whether iron-loaded cIMagR can serve as an iron donor to
provide iron for iron-sulfur cluster assembly in IscU in vitro.
The iron transfer mechanism of eclscA has been explored
previously, showing that both L-cysteine and cysteine
desulfurase (IscS) are required for the process (Ding et al.,
2005). As shown in Figure 4, when iron-loaded clMagR"T" and
apo-lscU were incubated with L-cysteine and IscS
anaerobically at 37 °C for 30 min, absorption of iron-loaded
cMagR"T gradually disappeared (Figure 4A), with the
concurrent appearance and gradual increase in absorption of
iron-sulfur cluster binding in repurified IscU (Figure 4B).
However, as clMagR%** and clMagR"%F showed reduced or
no iron binding, almost no change (clMagR"®%*, Figure 4C)
and a minor decrease (clMagRY%*", Figure 4E) in UV-Vis
absorption were observed in this process. Correspondingly, as
IscU could not obtain much iron from clMagRY®* or
cIMagRY%%", only a minor UV-Vis absorption increase was
observed after incubation with the two Y65 mutants
(Figure 4D, F).

Taken together, we concluded that pigeon MagR exhibited
both iron binding and iron-sulfur cluster binding, and iron
binding was mediated by conserved Y65, with the potential
involvement of three conserved cysteines (C60, C124, and

Zoological Research 44(1): 142—152,2023 147



>
w
o
m

14 14 14
cIMagR"T + Fe2r A MO umollL clMagRY65 + Fe2+ clMagRY® + Fe?*
olMagR"™ 12] 318 1ogumal |, 9 12} J
g=4.3 goumoll | T £}
70 pmol/L < 10 « 1.0[
60 pmol/L ~ ~
50 pmol/L o c L
40 pmol/L o 08 K] 08[315 nm
30pmoll | & s
20 hmoll | £06F315nm w0 206 40 pmol/L
0umoll| © pmollL | & 30 pmol/L
ohmot| @ ! 30pmollL | @ 20 pmollL
< O Hmol 004 20pmollL| 2 04 10 pmol/L
= p
= < 10pmollL | <€ 0 pmol/L
02+t 0 pmol/L 02t
clMagRY554
0 A . A . A 0 . s . : 0 . . ) : .
R ) VORI, 300 350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
1.0 1.0 1.0
clMagR"™ + Fe* clMagR"** + Fe?" cIMagR"*" + Fe*
clMagRY®F E £ £
g 08 08 €08
B © ©° ©
- - -
“ © ®
= 06 =06 % 06
S 5 5
= 04 = 04 = 04
cIMagR* e =3 ’/./*’4\, 3
g 2 2
e IS PR o 02 o 02 02T
10K < < <
1 1 0 1 1 1 1 1 n 1 L 1 1 1 0 1 1 1 1 0 1 1 1 1
0 1000 2000 3000 0 20 40 60 80 100 120 0 10 20 30 40 50 0 10 20 30 40 50
Magnetic field (Gauss) Iron concentration (umol/L) Iron concentration (umol/L) Iron concentration (umol/L)

Figure 3 Iron binding in pigeon MagR was mediated by Y65

A: EPR spectra of wild-type cIMagR and mutants recorded at 10 K to validate ferric iron binding in protein. B, D, F: UV-Vis absorption spectra of
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monitored by UV-Vis absorption spectroscopy. C, E, G: Iron binding curves of clMagR"" (C), cIMagRY%** (E), and clMagR"®F (G). Amplitude of
absorption peak at 315 nm for different proteins were obtained from the spectra of B, D, and F, respectively, and plotted as a line graph.
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C126).

Iron-sulfur binding is independent of mononuclear iron
binding in pigeon MagR

As mentioned above, both clMagRY®*F and clMagRY%%*
retained iron-sulfur cluster binding. To further investigate the
connection between iron binding and iron-sulfur binding in
pigeon MagR, iron-sulfur cluster reconstitution was performed
on the cIMagR"", cIMagRY®*A and cIMagRY%*" proteins, as
described previously (Guo etal., 2021). In brief, freshly
purified proteins were incubated with Na,S,0, and EDTA,
followed by desalting to completely remove the iron-sulfur
clusters and obtain apoproteins (solid lines, Figure 5A—C). The
iron-sulfur apoproteins were then provided with iron and
sulfide under reducing conditions to spontaneously form iron-
sulfur clusters (dotted lines, Figure 5A-C). Iron-sulfur cluster
assembly was monitored and verified using UV-Vis spectral
analysis (Figure 5A-C). EPR spectroscopy was applied to
confirm the incorporation of iron-sulfur clusters in the
chemically reconstituted cIMagR"“", clMagR"®**, and
cIMagRY%%" proteins (Figure 5D—F). Results showed that we
successfully reconstituted iron-sulfur clusters into the
clMagR"", clMagRY®%**, and cIMagRY®*" proteins using this
approach, and that Y65 mutation did not affect the iron-sulfur-
binding activity of ciMagR.

Consistently, the Y65 mutation in clMagR did not affect iron-
sulfur cluster transfer from IscU in vitro. Wild-type cIMagR and
two Y65 mutants were incubated anaerobically with holo-IscU.
The UV-Vis absorption spectra of repurified IscU and
clMagR"", cIMagRY%*A, and cIMagRY®*" clearly demonstrated
that iron-sulfur clusters were successfully transferred from

holo-IscU to cIMagR and mutants (Supplementary Figure S2),
suggesting that iron-sulfur cluster-binding activity was fully
preserved in the Y65 mutants, and iron-sulfur binding appears
to be independent of mononuclear iron binding.

Iron- and iron-sulfur-binding play essential and
indispensable roles in the magnetic properties of MagR
For the first time, we unambiguously showed that pigeon
MagR possesses both iron binding and iron-sulfur binding
simultaneously, raising several important questions about the
origin of the magnetic moment of MagR in pigeons and other
avian species. Notably, do iron and iron-sulfur clusters both
contribute to the magnetic properties of this protein? How do
iron and iron-sulfur clusters coordinate the magnetic response
of MagR to external magnetic field changes during navigation?

To address these questions, we measured the magnetic
moment of wild-type clMagR and two mutants (clMagR"®%*
and clMagR®) using SQUID magnetometry. This is an
effective and sensitive way to measure magnetic properties,
especially extremely subtle magnetic fields, and one of the few
practical and feasible ways to characterize biological samples
with extremely low magnetic moments.

Magnetic measurements were performed at different
temperatures (5 K and 300 K) and MH curves were generated
to compare the magnetic susceptibility of the three different
proteins. It is worth noting that, according to our results, wild-
type pigeon MagR contains both mononuclear iron binding
and iron-sulfur cluster binding, whereas clMagRY®* only
shows iron-sulfur cluster binding and clMagR® displays
neither.

The iron- and iron-sulfur-bound wild-type clMagR was
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Figure 5 Y65 mutation does not affect iron-sulfur binding in cIMagR
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A-C: Chemical reconstitution-mediated iron-sulfur cluster assembly on apo-clMagR"" (A), apo-cIMagRY%** (B), and apo-clMagRY®*" (C) monitored
by UV-Vis absorption. UV-Vis spectra of apoproteins are shown as solid lines and chemically reconstituted proteins are shown as dotted lines. D—F:
X-band EPR spectra of chemically reconstituted ciIMagR"" (D), clIMagRY®** (E), and clMagRY®" (F), showing iron-sulfur cluster incorporation in

proteins. Spectra were recorded at 10 K.
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paramagnetic at both 5 K and 300 K (Figure 6A, B, black).
This may be due to the synergistic effects of mononuclear iron
and [2Fe—2S] and [3Fe—4S] mixture binding to the protein
(Guo etal., 2021). The MH curve of clMagR®™ exhibited
obvious diamagnetic properties at 300 K and a barely
detectable magnetic moment at 5 K (Figure 6A, B, gray),
consistent with previous research (Guo etal., 2021) and
suggesting that both iron-sulfur clusters and mononuclear iron
are essential for cIMagR magnetism. Surprisingly, however,
Y65A mutation in clMagR totally abolished the magnetic
moment of clMagR and turned the protein diamagnetic
(Figure 6A, B, red), suggesting that iron-sulfur clusters alone
are insufficient to generate paramagnetism, and both iron
binding and iron-sulfur cluster binding are indispensable for
pigeon MagR magnetism. These findings strongly suggest a
possible synergistic mechanism of the MagR magnetism
based on the concurrent iron-binding and iron-sulfur-binding
features, which deserve further investigation and validation in
vivo.

DISCUSSION

The recently proposed MagR/Cry-based biocompass model
combines the concept of ferromagnetism (as in MagR/Cry
combination) and the quantum compass mechanism (as in
Cry). It offers a potential solution to how animals sense the
geomagnetic field. However, several fundamental questions
remain unresolved in this model. For example, what is the
origin of the magnetic properties of MagR, which cannot be
explained solely by the iron-sulfur clusters bound to the
protein, as argued in previous research (Meister, 2016). As
MagR (IscA) is a highly evolutionarily conserved protein, from
bacteria to humans, how can such a conserved protein serve
as a magnetoreceptor and be responsible for highly diverse
migration and homing behaviors in the animal kingdom?

The data presented here may provide clues to these
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questions. Mononuclear iron-binding activity in iron-sulfur
proteins has long been overlooked. Here, our study revealed
tight iron-binding activity and concurrent iron-sulfur cluster-
binding activity in the pigeon MagR, as well as their synergistic
interactions. These results explain the significantly higher total
iron content in pigeon MagR compared with other species,
which may be an important feature of animal
magnetoreception.

Among all iron-sulfur proteins, MagR is unique in many
respects: it exhibits dynamic assembly and rod-like polymers
and forms a stable complex with Cry in almost every species
(Qin etal.,, 2016). It also demonstrates species-specific
mononuclear iron binding and/or iron-sulfur cluster binding, as
shown in our and previous studies (Ding & Clark, 2004;
Landry et al., 2013; Lill et al., 2012; Lu et al., 2010; Muhlenhoff
et al.,, 2011; Ollagnier-De-Choudens et al., 2001; Yang et al.,
2015). Furthermore, the protein binds different iron-sulfur
clusters, leading to different magnetic properties (Guo et al.,
2021). It also shows self-assembly and hierarchical assembly
features, and its assembly can be induced by external
magnetic fields and modulated by iron-sulfur cluster binding
(Arai et al.,, 2022; Yang et al., 2022). We demonstrated that
both iron binding and iron-sulfur binding play essential and
synergistic roles in MagR magnetism. These unique features
enable MagR to achieve complex functions and diversity
among species, even with highly conserved sequences.

It should be noted that the underlying mechanism of
magnetism and magnetic response of MagR may be much
more complex than previously thought. Light perception from
Cry may modulate the magnetic properties of MagR in the
complex. Possible electron transfer between MagR and Cry
could connect the biocompass model and radical-pair model
(Xie, 2022), allowing the protein machinery to serve as a
biological quantum compass in animal magnetoreception and
navigation. However, these scenarios are not optimal and
tremendous potential remains for further exploration.
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Figure 6 Both iron binding and iron-sulfur cluster binding are indispensable for magnetic properties of pigeon MagR

A: Field-dependent magnetization curves (MH) at 5 K for clIMagR"" (black), clMagRY®** (red), and cIMagR®*" (gray). Mass magnetic susceptibilities
in CGS unit were 8.53567e-6, 4.02513e-7, and 7.73049e-9 emu/g, respectively. B: Field-dependent magnetization curves (MH) at 300 K for
cIMagR"" (black), cIMagRY®** (red), and cIMagR®™ (gray). Mass magnetic susceptibilities in CGS unit were 1.86982e-7, -6.0426e-7, and

-2.86548e-7 emu/g, respectively.
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