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ABSTRACT

Iron-sulfur clusters are essential cofactors for proteins
involved in various biological processes, such as electron
transport, biosynthetic reactions, DNA repair, and gene
expression regulation. Iron-sulfur cluster assembly protein
IscA1 (or MagR) is found within the mitochondria of most
eukaryotes. Magnetoreceptor (MagR) is a highly
conserved A-type iron and iron-sulfur cluster-binding
protein, characterized by two distinct types of iron-sulfur
clusters, [2Fe-2S] and [3Fe-4S], each conferring unique
magnetic properties. MagR forms a rod-like polymer
structure in complex with photoreceptive cryptochrome
(Cry) and serves as a putative magnetoreceptor for
retrieving geomagnetic information in animal navigation.
Although the N-terminal sequences of MagR vary among
species, their specific function remains unknown. In the
present study, we found that the N-terminal sequences of
pigeon MagR, previously thought to serve as a
mitochondrial targeting signal (MTS), were not cleaved
following mitochondrial entry but instead modulated the
efficiency with which iron-sulfur clusters and irons are
bound. Moreover, the N-terminal region of MagR was
required for the formation of a stable MagR/Cry complex.
Thus, the N-terminal sequences in pigeon MagR fulfil more
important functional roles than just mitochondrial targeting.
These results further extend our understanding of the
function of MagR and provide new insights into the origin
of magnetoreception from an evolutionary perspective.
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INTRODUCTION

Iron-sulfur cluster-binding proteins constitute one of the most
ancient classes of metalloproteins in nature, present in all
living organisms and playing vital roles in diverse biological
processes, including electron transport, metabolism,
biosynthetic reactions, DNA repair, and gene expression
regulation. Three iron-sulfur cluster biogenesis machineries,
including iron-sulfur cluster (ISC), sulfur utilizing factor (SUF),
and nitrogen fixation (NIF) systems, have been identified
across both prokaryotes and eukaryotes (Garcia et al., 2022;
Tsaousis, 2019).

The ISC machinery is recognized as a housekeeping
system for cellular maintenance, primarily localized within the
mitochondria of eukaryotes, although it has also been
detected in the cytoplasm and nucleus in some eukaryotes,
including humans (Song etal, 2009). Maintaining ISC
assembly is suggested to underpin the existence of
mitochondria (Hjort et al., 2010; Lill et al., 1999), fundamental
for the evolution of eukaryotes. IscA, a key component of the
ISC machinery, is widely distributed across biological
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kingdoms, from bacteria to mammals, underscoring its
evolutionary significance. In Escherichia coli, IscA is encoded
by the isc operon, while in most eukaryotes, from yeast to
humans, two A-type proteins, IscA1 (yeast Isa1l) and IscA2
(yeast Isa2), are encoded by nuclear genes and
predominantly localized in the mitochondria (Beilschmidt et al.,
2017).

IscA in prokaryotes and IscA1 and IscA2 in eukaryotes are
crucial for binding iron and iron-sulfur clusters and serve as
iron donors, particularly during iron-sulfur cluster assembly, or
as iron-sulfur carrier/scaffold proteins that provide iron-sulfur
clusters to acceptor proteins. IscA1 and IscA2 also play
essential roles in the maturation of mitochondrial [4Fe-4S]
proteins, with different IscA isoforms fulfiling different roles
(Beilschmidt etal., 2017). IscA1 has attracted increasing
attention due to its potential role as a putative
magnetoreceptor (MagR), contributing to magnetic sensing (or
magnetoreception) and navigation capabilities in animals.

While magnetoreception has evolved in various migratory
and homing species, the underlying mechanism remains
poorly understood. Various theoretical models have been
proposed to explain this phenomenon, including the
magnetite-based model (Eder etal., 2012; Hsu etal., 2011;
Monteil & Lefevre, 2020; Walcott et al., 1979), cryptochrome
(Cry)-based radical- pair model (Gegear et al., 2008; Hore &
Mouritsen, 2016; Schulten & Wolynes, 1978; Xu et al., 2021),
and MagR/Cry biocompass model (Qin etal., 2016; Xie,
2022). In the biocompass model, MagR, originally known as
IscA1, interacts with Cry to create a rod-like structure
measuring 15x24 nm that exhibits an intrinsic magnetic
moment. This enables the sensing of both polarity and
inclination of the geomagnetic field in a manner influenced by
light and magnetic fields (Qin et al., 2016; Xie, 2022). Recent
findings have unveiled the functional roles of the MagR/Cry
complex, including the identification of two distinct iron-sulfur
clusters, [2Fe-2S] and [3Fe-4S], each conferring unique
magnetic properties (Guo et al., 2021), and the discovery of a
separate mononuclear iron binding site in pigeon (Columba
livia) MagR (cIMagR), where iron and iron-sulfur binding
collectively enhance protein magnetism (Zhou et al., 2023).
Tetramers serve as the building block of MagR polymers, and
the external magnetic field can induce MagR assembly in vitro
(Arai etal.,, 2022, 2023; Yang etal.,, 2022). Interestingly,
MagR expression exhibits daily oscillations and is significantly
higher in certain migratory species (Chang et al., 2017, 2018;
Jin etal., 2023; Mannino etal.,, 2023). A recent study
demonstrated that MagR knockdown in oriental armyworms
(Mythimna separata) in vivo abolished their magnetic
orientation, underscoring the vital role of MagR in magnetic
sensing at the physiological level (Tong et al., 2022a).

Despite significant progress in understanding the functions
and magnetism of MagR, much remains to be answered. For
example, while the C-terminal region of MagR is highly
conserved, the N-terminal sequences exhibit considerable
variability across species, and their specific role in MagR
remains incompletely defined. It has been proposed that the
N-terminal sequences of MagR may play a role in
concatenating two neighboring MagR tetramers within the
magnetoreceptor polymer and participate in the formation of
the biocompass complex, as evidenced by molecular
dynamics simulations (Lu etal., 2020). However, this
hypothesis requires additional experimental validation.

This study revealed that the first 25 amino acids at the N-

terminal of pigeon MagR acted as a mitochondrial targeting
signal and were not cleaved after protein maturation, as
confirmed by cellular assays. Moreover, the 25 amino acids
affected the binding efficiency but not the type of iron-sulfur
clusters. Notably, MagR/Cry complex formation required the
involvement of the N-terminal sequences. The findings
presented in this study expand our understanding of the
specific and critical functions of the N-terminal sequences of
MagR, offering valuable insights into magnetoreception and its
evolutionary trajectory across species.

MATERIALS AND METHODS

Plasmid construction

The DNA sequences for the full-length pigeon (Columba livia)
MagR (clMagR) were synthesized by Sangon Biotech (China).
In the cell-based assays, constructs of full-length clMagR
(cIMagR"") and clMagR with the N-terminal 25 residues
deleted (cIMagR2"%), each tagged with Flag-tag or EGFP at
the C-terminal, along with constructs featuring EGFP alone or
EGFP fused with the N-terminal 25 residues of cIMagR, were
cloned into the pcDNA 3.1 hygro (-) vector for mammalian
expression. For bacterial expression, DNA sequences
encoding wild-type clMagR (clMagR""), cIMagR with the N-
terminal 25 residues deleted (cIMagR2\%5), IscA from E. coli
with a Strep-tag Il at the N-terminal, and wild-type clCry4
(clCry4"T) with a His-tag fused at the N-terminal were cloned
into the pCold vector, as described previously (Qin etal.,
2016). All constructs were verified by Sanger sequencing.

Cell culture

HelLa cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, Corning, USA) containing 10% fetal bovine
serum, 2 mmol/L GlutaMAX, and 1% penicillin/streptomycin
and incubated at 37°C in a humidified incubator (Thermo
Fisher Scientific, USA) with 5% CO,. Fresh culture medium
was substituted every 1 to 2 days.

Transfection of HelLa cells

HelLa cells were seeded on coverslips in 6-well-plates and
cultivated until reaching 50% confluence. For each well, 2 ug
of plasmid was transfected according to the guidelines
provided by the manufacturers of Lipofectamine™ 3000
Reagent (Invitrogen, USA). After 24 h of incubation at 37°C,
the cells were washed with phosphate-buffered saline (PBS)
for immunofluorescence staining or harvested for western
blotting.

Western blotting

Cells were washed once with PBS before being detached from
the culture plates with a cell scraper and lysed in M-PER™
Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific, USA) in the presence of protease inhibitors (Sigma,
USA). The lysates were then centrifuged at 12 000 xg for 20
min at 4°C. The supernatants were transferred to clean tubes
and added with loading buffer (50 mmol/L Tris-HCI pH 6.8, 2%
sodium dodecyl-sulfate (SDS), 10% glycerol, 12.5 mmol/L
ethylenediaminetetraacetic acid (EDTA), 0.02% bromophenol
blue, 50 mmol/L dithiothreitol (DTT)). After incubation at 95°C
for 5 min, the protein samples were loaded on 15%
polyacrylamide gel. After gel electrophoresis, proteins were
transferred to polyvinylidene fluoride membranes, blocked with
5% skimmed milk (in TBS-Tween buffer) for 1 h, and
incubated overnight at 4°C with primary antibodies: mouse
anti-Flag (1:2 000, Sigma-Aldrich, USA) and mouse anti-
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GAPDH (1:1 000, TransGen Biotech, China). The membranes
were washed three times with fresh TBS-Tween buffer and
incubated with horseradish peroxidase (HRP)-labeled
secondary antibody against mouse IgG (1:3 500, Cell
Signaling Technology, USA). The membranes were washed
three times with TBS-Tween buffer and the HRP signal was
detected using an Immobilon Western HRP Substrate (Sigma
Aldrich, USA).

Cell imaging

At 24 h post-transfection, cells were washed three times with
PBS and fixed on coverslips with 4% paraformaldehyde
solution for 30 min, followed by incubation with blocking buffer
(0.2% sodium azide, 2% bovine serum albumin, and 0.1%
Triton X-100 in TBS-Tween) for 30 min. The cells were then
incubated with primary antibodies overnight at 4°C in a humid
chamber. The primary antibodies included: anti-Flag(R) M2
antibody (1:1 000, Sigma Aldrich, USA) and Tom20 Rabbit
mAb (1:500, Cell Signaling Technology, USA). After
incubation, the coverslips were washed once with TBS-Tween
buffer and incubated with Alexa Fluor™ 488 (Thermo Fisher
Scientific, USA) or Alexa Fluor 594-conjugated secondary
antibodies (Cell Signaling Technology, USA) for 1 h at room
temperature. All coverslips were stained with 4’,6-diamidino-2-
phenylindole (DAPI, 1 pg/mL) for 5 min and washed three
times with PBS. Finally, the coverslips were mounted in
antifade mounting medium (Beyotime, China) before imaging.
All immunofluorescence images were captured using a
confocal microscope (Olympus SpinSR10, Japan). Average
fluorescence intensity of Tom20 was quantified with ImageJ
and the data were plotted using GraphPad Prism.

Protein expression and purification

The expression constructs of cIMagR were generated as
described previously (Qin etal., 2016). The cIMagR"T,
cIMagR®V?5 and IscA from E. coli and wild-type cICry4 genes
were cloned into pCold vector and transformed into the E. coli
strain BL21 (DE3). Cultures were incubated at 37°C and 220
r/min untii OD600 reached 0.6. Protein expression was
induced with 20 mmol/L IPTG overnight (~20 h) at 15°C. Cells
were harvested by centrifugation for 30 min at 8 000 xg and
4°C and resuspended in lysis buffer (20 mmol/L Tris, 500
mmol/L NaCl, pH 8.0) and lysed by sonication on ice. Cell
debris was removed by centrifugation at 17 500 xg for 45 min
at 4°C. For cIMagR and IscA purification, the supernatants
were loaded onto a Strep-Tactin affinity column (IBA GmbH,
Germany). After washing with 20 column volumes (CV) of
washing buffer (20 mmol/L Tris, 1560 mmol/L NaCl, pH 8.0) to
remove unbound proteins, proteins were eluted using elution
buffer (20 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L
desthiobiotin, pH 8.0).

For the purification of the clIMagR/clCry4 complex, clCry4
fused with His-tag and full-length cIMagR or ciIMagR2N? fused
with Strep-tag Il at the N-terminal were co-expressed in E. coli
BL21 (DE3) at 15°C, then induced by 20 mmol/L IPTG. For
each co-expression, clCry4 with wild-type or truncated
clMagR, the soluble fraction of E. coli lysis was first loaded
onto a Ni-NTA matrix (Qiagen, Germany). After using washing
buffer (20 mmol/L Tris, 150 mmol/L NaCl, 20 mmol/L
imidazole, pH 8.0), the proteins were eluted from the Ni-NTA
matrix using elution buffer (20 mmol/L Tris, 150 mmol/L NaCl,
300 mmol/L Imidazole, pH 8.0). The complex proteins were
then further purified by direct application to a Strep-Tactin
column (IBA GmbH, Germany) and eluted using IBA elution
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buffer (20 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L
desthiobiotin, pH 8.0). The complex products were checked
with sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). All samples were supplemented
with standard sample loading buffer containing SDS and
heated at 95°C for 5 min before loading for SDS-PAGE.

IscU and IscS were cloned into pCold vector with a His-tag
fused on the N-terminal and expressed in the E. coli strain
BL21 (DE3). Purification was performed using Ni-NTA affinity
chromatography (Qiagen, Germany), as described above. The
purity of all purified proteins was determined using SDS-
PAGE. PageRuler Prestained Protein Ladder (Thermo
Scientific, Product# 26616, USA) was used as the molecular
weight standard.

Ferrozine assay

Ferrous iron reacts with ferrozine to form a stable purple
complex that can be quantified spectrophotometrically at 562
nm (Im etal., 2013). Thus, total iron content can be
determined by quantitatively reducing Fe®* to Fe?* using
hydroxylamine-HCI (10% (w/v) HAHCI in 1 mol/L HCI) and
monitoring absorbance at 562 nm. Here, a series of ferric
chloride (FeCls) solutions (0.1-1.0 mmol/L) prepared in HCI (1
mol/L) were used to generate a standard curve. Subsequently,
20 pL of protein (0.1 mmol/L) and 80 pL of hydroxylamine-HCI
(10% w/v HAHCI in 1 mol/L HCI) were added to each well of a
microplate and incubated at room temperature in the dark for
30 min, after which 100 pL of ferrozine was added to each
well and incubated at 37°C for an additional 15 min in the
dark. Finally, the absorbances of these Fe?*-ferrozine
complexes were measured at 562 nm on a microplate reader
(Tecan Spark, Switzerland). Iron levels in protein samples
were determined by linear regression analysis. Three
replicates for each protein sample were performed. Statistical
significance was calculated using GraphPad Prism (two-tailed
Student’s t-test). Where relevant, statistical test results are
indicated in the corresponding figures. ™: P<0.01; ™": P<0.001.

Electronic paramagnetic resonance spectroscopy (EPR)
measurement

X-band EPR spectra were recorded at various temperatures
(10 K, 25 K, 45 K, and 60 K) using an EMX plus 10/12
Spectrometer (Bruker, Germany) equipped with an Oxford
ESR910 Liquid Helium cryostat. The oxidized EPR samples
were prepared by mixing 200 pL of 1 mmol/L purified protein
with 50 pL of glycerol, while the reduced samples were
obtained by adding sodium dithionite to a final concentration of
10 mmol/L to the above protein solutions. The protein samples
were transferred to quartz EPR tubes (Wilmad 707-SQ-250 M,
France) and frozen in liquid nitrogen. The EPR signals were
collected at a microwave frequency of 9.40 GHz, microwave
power of 2 mW, modulation amplitude of 2.0 G, receive gain of
1.0x10*% and sweep time of 25.60 s.

Ultraviolet (UV)-visible absorption and analytical size-
exclusion chromatography (SEC)

UV-visible absorption spectra (300-600 nm) were recorded for
200 pmol/L purified proteins at room temperature with a
NanoDrop Spectrophotometer (Thermo Scientific, NanoDrop
OneC, USA).

SEC was used to identify protein assembly states. Protein
samples were centrifuged at 12 000 r/min for 10 min and the
supernatant was loaded on a Superose 6 Increase 10/300
chromatography column equilibrated with TBS buffer
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(20 mmol/L Tris, 150 mmol/L NaCl, pH 8.0).

Circular dichroism (CD) spectroscopy

CD spectroscopy was used to detect the secondary structures
of the proteins in the far UV range (190-260 nm) and identify
protein-bound cofactors such as iron-sulfur clusters. To
analyze the type of iron-sulfur clusters, 100 pymol/L purified
proteins were prepared and measured in the near UV-visible
range (300-600 nm) at room temperature using a MOS-500
(Biologic, France) CD Spectrometer. To analyze the
secondary structure of proteins, 10 pmol/L purified ciIMagR"T,
clMagR®"?5 and IscA were prepared separately in 20 mmol/L
sodium phosphate buffer and measured using a J-1700 CD
Spectrometer (JASCO Corporation, Japan) in 1 mmol/L quartz
cuvettes. Data were analyzed using Bestsel (BeStSel-Protein
Circular Dichroism Spectra Analysis) and shown with the
ellipticity value in mDeg.

Iron reconstitution in cIMagR"™ and cIMagR2N%

Purified clMagR""T and cIMagR®N?® (200 umol/L) were
separately incubated with Fe(NH4)2(SO4), (0-140 pmol/L) in
the presence of 2 mmol/L DTT at room temperature for 5 min.
After the reaction, proteins were purified using a PD MiniTrap
G-25 desalting column (GE Healthcare, USA). Absorption
peaks of the protein samples at 315 nm were used to
determine relative iron binding in cIMagR.

Chemical reconstitution of iron-sulfur clusters in IscU
Freshly purified IscU (apo-IscU) was mixed with 5 mmol/L
DTT for 30 min at 4°C in buffer containing 20 mmol/L Tris, 150
mmol/L NaCl, and 5 mmol/L desthiobiotin (pH 8.0), followed
by incubation with Fe(NH,4),(SO,), (1.6 mmol/L) and Na,S (1.6
mmol/L) overnight at 4°C. Unbound iron and sulfide were
removed via a PD MiniTrap G-25 desalting column (GE
Healthcare, USA). The collected proteins were concentrated
and labeled as “holo-IscU”. The iron-sulfur cluster assembly
reactions were monitored with a UV-visible absorption
spectrometer.

In vitro iron-sulfur cluster transfer

Purified cIMagR"T or cIMagR2"?® (400 ymol/L) in TBS buffer
(20 mmol/L Tris, 150 mmol/L NaCl, pH 8.0) was incubated
with 10 mmol/L Na,S,0, and 10 mmol/L EDTA overnight at
4°C to remove iron-sulfur clusters, followed by desalting
through a PD MiniTrap G-25 desalting column (GE
Healthcare, USA). The obtained protein samples were labeled
as ‘“apo-clMagR”. The holo-IscU was prepared following
previous research (Beilschmidt et al., 2017; Zhou et al., 2023).
Apo-cIMagR was incubated with holo-IscU for approximately 3
h at 4°C in the presence of 5 mmol/L DTT. The two proteins
were then separated using a Strep-Tactin affinity column (IBA
GmbH, Germany) and their iron-sulfur cluster properties were
monitored by UV-visible spectral analysis.

Iron transfer experiments

Previous studies have shown that iron-loaded IscA can
provide iron for iron-sulfur cluster assembly in IscU in vitro
under aerobic conditions (Ollagnier-de Choudens et al., 2003).
For the iron transfer experiments, purified IscU (100 pmol/L)
was incubated with clMagR (Strep-tagged, 150 ymol/L) and
IscS (1 pymol/L) in buffer containing 2 mmol/L DTT, 1 mmol/L
L-cysteine, 150 mmol/L NaCl, and 20 mmol/L Tris (pH 8.0) at
4°C for 3 h. After the reaction, the mixture was separated
through affinity chromatography and UV-visible spectra were
recorded to monitor iron transfer, as described above.

RESULTS

N-terminal 25 residues of clMagR are involved in
mitochondrial localization

MagR and IscA are widely expressed in nearly all species and
play fundamental roles in the biogenesis of iron-sulfur clusters.
The sequences of MagR are highly conserved across species,
particularly in the C-terminal region, as shown in the 10
representative species in Figure 1A. However, the first 25
amino acids of the N-terminal (here named N25) of MagR, as
seen in the pigeon sequence, show considerable variation
across species and are absent in E. coli. For example, the
sequence similarity for full-length MagR between pigeons and
humans was 94.7%, with the similarity in the C-terminal region
reaching 100% but the N25 sequence similarity only showing
72%. Notably, the similarity between pigeon MagR and E. coli
IscA was only 45.45% due to the absence of N25 sequences
in E. coli IscA, highlighting the N-terminal sequence as a key
distinguishing feature between eukaryotic MagR and
prokaryotic IscA. Given the predominant mitochondrial
localization of eukaryotic MagR proteins, we investigated
whether the N25 play a role as a mitochondrial targeting
signal, using the clMagR sequence from pigeons for
subcellular localization testing. Full-length cIMagR fused with
a Flag-tag was highly expressed in HelLa cells, as confirmed
by anti-Flag antibody imaging, and showed obvious
colocalization with the mitochondrial outer membrane protein
Tom20, indicating mitochondrial localization. However, when
the N25 sequences of clMagR were truncated, clMagRA\?
was randomly distributed in the cytoplasm and nucleus,
suggesting a loss of mitochondrial targeting ability (Figure 1B).
Interestingly, expression of wild-type or N25-truncated cIMagR
fused with EGFP (cIMagR"T-EGFP and cIMagR*"#-EGFP) in
HelLa cells resulted in uniform cellular distribution, without
obvious mitochondrial localization (Supplementary Figure
S1A). This implies that larger tags such as EGFP (27 kDa),
compared to the Flag-tag (1 kDa), may interfere with the
correct subcellular localization of clMagR"" (14 kDa) and
clMagRN?5 (12 kDa), mirroring earlier findings showing fusion
proteins tagged with large EGFP exhibited improper targeting
compared to their native form (Weill et al., 2019).

To further explore the mitochondrial targeting role of N25, a
construct fusing the N25 segment from MagR to the N-
terminus of EGFP was created, with both the N25-EGFP
fusion protein and EGFP alone then expressed in HelLa cells.
Fluorescence microscopy was used to observe the distribution
of EGFP proteins, while the mitochondria were stained with
antibodies against Tom20. Results showed that N25-EGFP
fusion proteins were predominantly co-localized with Tom20,
indicating successful mitochondrial targeting. In contrast, cells
expressing EGFP proteins alone exhibited diffuse cellular
distribution, lacking specific mitochondrial localization
(Figure 1B). The intensity of Tom20 fluorescence remained
consistent across all cell groups (Supplementary Figure S1B).

Taken together, the N25 of cIMagR appear to function as a
mitochondrial targeting signal (MTS), playing an indispensable
role in the mitochondrial localization of MagR within cells.

N25 residues are not cleaved during maturation and
influence iron-sulfur cluster and iron binding efficiency in
clMagR

Typically, mitochondrial matrix protein maturation involves the
cleavage of MTS sequences by mitochondrial processing
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A: Sequence alignment of MagR from 10 representative prokaryotic and eukaryotic species. Residues with high similarity across species are shown

in red and 100% conserved amino acids are shown in white with red background. Less conserved 25 amino acids in the N-terminal region of MagR

are shown in the blue box. B: Confocal images of HelLa cells expressing wild-type clMagR fused with Flag-tag (cIMagR"'-Flag) or N25-deleted
clMagR fused with Flag-tag (cIMagR2"?-Flag) or N25 fused with EGFP (N25-EGFP) or EGFP. cIMagR"'-Flag, cIMagR*"%-Flag, N25-EGFP, and
EGFP shown as green with staining of anti-Flag antibodies or fluorescence of EGFP. Mitochondria were stained with antibodies against Tom20 and
are shown in red. Cell nuclei were stained with DAPI (blue). Areas with yellow fluorescence in merged images denote co-localization of proteins

within mitochondria. Scale bars represent 20 ym.

peptidase. However, for certain proteins, these MTS
sequences are not excised (Bedwell et al., 1989; Bykov et al.,
2022; Poveda-Huertes et al., 2020; Zhang et al., 2020). To
determine whether the MTS associated with clMagR
undergoes cleavage upon mitochondrial entry, wild-type and
N25-truncated cIMagR fused with Flag-tag (cIMagR"'-Flag
and clMagR®"?®-Flag) on the C-terminal were expressed in
HelLa cells, with immunoblotting then performed to detect
mature cIMagR proteins. Notably, immunoblotting revealed a
single band at the expected molecular weight for cells
transfected with clMagR"'-Flag and clMagR*"?*-Flag,
indicating that the N25 MTS from full-length clMagR"™ was not
cleaved after mitochondrial entry in vivo (Figure 2A).

Considering the significant variability in the N-terminal 25
residue region of MagR sequences across different species,
from E. coli to eukaryotes, we investigated the specific
function of the N25 sequences in mature MagR. Three
constructs were designed for wild-type and N25 truncated
clMagR and wild-type IscA from E. coli fused with a Strep tag
at the N-terminus (Figure 2B). These proteins were expressed
in E. coli cells under aerobic conditions and subsequently
purified to homogeneity for analysis. The SEC results revealed
eluting peaks with nearly identical retention volumes for all
three proteins (Figure 2C). Furthermore, CD spectra within the
ultraviolet region (190-260 nm) were collected to assess the
secondary structure of the proteins (Figure 2D). The CD
spectra and derived structural proportions for both the wild-
type and N25-truncated clMagR were similar, consistent with
the SEC results, indicating that N25 did not affect the protein
assembly status of cIMagR.

As a putative magnetoreceptor, one of the most important
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features of clIMagR is its iron-sulfur cluster-binding properties,
which plays an essential role in its magnetism (Guo et al.,
2021; Qin etal., 2016; Wang et al., 2024; Xie, 2022; Zhou
etal.,, 2023). Interestingly, during the cIMagR purification
process, the colors of the purified clMagR2V?® and IscA
proteins were markedly lighter than the dark brown cIMagR""
proteins in solution when adjusted to equal concentrations
(Figure 3A). UV-Vis absorption spectra were used to further
quantify iron-sulfur cluster binding. Both cIMagR"" and
cIMagR2\?5 showed three major absorption peaks at 315 nm,
415 nm, and a shoulder at 456 nm (Figure 3A), indicating the
binding of iron-sulfur clusters in both proteins. However, the
absorption of clMagR®N?» was much lower than that of
cIMagR"", consistent with the appearance of the protein
solution, suggesting that the binding efficiency of the iron-
sulfur clusters was significantly reduced by the truncation of
N25. In addition, unlike wild-type and N25-truncated clMagR,
IscA only exhibited one major absorption peak at 315 nm and
an extremely low absorption peak at 415 nm, indicating low or
no iron-sulfur cluster binding (Figure 3A).

Total iron content of the three proteins was measured using
the ferrozine assay, developed to quantify iron content in
biological systems. As shown in Figure 3B, iron content was
significantly lower in cIMagRN% than in wild-type clMagR and
even lower than in IscA, indicating that truncation of N25
impaired total iron content in clMagR, consistent with the
coloration and UV-Vis spectra results.

To explore the role of N25 in iron binding in cIMagR, iron
reconstitution experiments were performed for purified
cIMagR"" and cIMagR“"?. The proteins were incubated with
a series of concentrations of ferrous iron in the presence of
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Figure 2 N25 was preserved in mature cIMagR and did not affect protein assembly status

A: Cell extracts were analyzed by immunoblotting for indicated clIMagR proteins using anti-Flag-tag and anti-GAPDH antibodies. B: Schematic
representation of plasmid construction for wild-type and N25-truncated clMagR and E. coli IscA with a Strep-tag fused on the N-terminal for
expression in E. coli. C: Size-exclusion chromatography of wild-type (cIMagR"7, black line) and N25-truncated clMagR (cIMagR®N?®, red line) and
IscA (blue line) on a Superose 6 Increase 10/300 chromatography column. SDS-PAGE of purified proteins is shown as insert. D: CD spectra of
cIMagR"", cIMagR2"?® and IscA, shown in same color as in (C). Proportion of secondary structures for each protein is shown as insert.
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Figure 3 N25 affected iron-sulfur cluster and iron binding in cIMagR

A: UV-visible absorption spectra of clIMagR"™T (black), clMagR2"?® (red), and IscA (blue). Insert picture shows protein solution. B: Total iron content
of purified cIMagR"" (black), cIMagR“N?® (red), and IscA (blue) measured by ferrozine assay and presented as the ratio of iron atoms in each
protein. Student’s ttest: ": P<0.01; ™: P<0.001. Error bars represent standard error of the mean (SEM) calculated from three independent
experiments. C, D: UV-visible absorption spectra of clMagR"' (C) and clMagR2N?® (D) after reconstitution with iron. E: Iron binding curves of
clMagR"T (black) and cIMagR®"?® (red). Amplitudes of absorption peak at 315 nm for proteins obtained from spectra in C and D. F: Total iron
content of purified clMagR"T and cIMagR2"?® proteins without and with reconstitution of 120 umol/L iron measured by ferrozine assay as the ratio of
iron atoms per protein monomer. Data are shown as mean+SEM calculated from three independent experiments. Student's t-test: ™: P<0.01; ™™":

P<0.0001.

DTT at room temperature, followed by repurification of the
proteins using standard procedures, as described previously
(Zhou et al., 2023). As shown in Figure 3C, a significant dose-
dependent increase in absorption at 315 nm was detected for
clMagR"T after iron reconstitution. However, unlike the fast
in wild-type clMagR, the UV-Vis

iron

loading observed

absorption peak at 315 nm for cIMagR2V? only slightly
increased after incubation with ferrous iron (Figure 3D, E).
Consistently, total iron content in purified cIMagR"™ was much
higher than that in clMagR®\% after incubation with 120
pmmol/L ferrous iron, as determined by the ferrozine assay
(Figure 3F), indicating that iron binding capacity was strongly
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affected by truncation of N25.

Previous studies have also shown that cIMagR acts as a
carrier protein to transfer iron-sulfur clusters from IscU in the
presence of L-cysteine, cysteine desulfurase (IscS), and DTT
(Blanc et al., 2015; Ding et al., 2005; Zhou et al., 2023). Here,
to test whether N25 affects the iron transfer ability of clMagR,
wild-type and N25-truncated apo-cIMagR were separately
incubated with His-tagged IscU for 180 min in the presence of
DTT. After reaction and separation, UV-Vis spectra for the
IscU and cIMagR proteins were recorded. The typical
clMagR"" peaks at 315 nm and 415 nm were significantly
increased after the reaction (Supplementary Figure S2A),
indicating the [2Fe-2S] cluster was transferred from IscU to
cIMagR"T. The UV-Vis absorption of cIMagR2\?5 was also
slightly increased but much lower than that of wild-type
clMagR (Supplementary Figure S2B, C). Correspondingly, the
UV-Vis absorption of IscU was much lower after incubation
with cIMagR"" than with clIMagR*N?® (Supplementary Figure
S2D), suggesting that the iron-sulfur clusters transferred from
holo-IscU to two cIMagR proteins, but transfer efficiency was
lower in cIMagR2"?. Consistently, when iron-loaded cIMagR"™™
and clMagR®"?® were incubated with apo-IscU, a huge
decrease in UV-Vis absorption was observed for cIMagR""
(Supplementary Figure S3A), while only minor changes were
observed for cIMagR*N% (Supplementary Figure S3B). In
addition, compared to the significant absorption increase in
IscU after incubation with clMagR"" (Supplementary Figure
S3C), IscU only received a small amount of iron from
cIMagR2N?5 with a minor increase in UV-Vis absorption after
incubation (Supplementary Figure S3D).

Taken together, these findings indicate that the N25
sequences of clMagR are not cleaved during protein
maturation and play important roles in both iron-cluster and
iron binding in cIMagR.

N25 residues did not affect iron-sulfur cluster types in
clMagR
Mononuclear ferric iron and iron-sulfur clusters, including

[3Fe-4S] and [2Fe-2S], bind to cIMagR and distinct magnetic
properties (Zhou etal.,, 2023). To further investigate the
impact of N25 on the iron-sulfur cluster types associated with
clMagR, EPR spectroscopy was applied to assess the states
of wild-type and N25-truncated clMagR proteins.

As shown in Figure 4A, wild-type and N25-truncated
clMagR, as well as IscA, displayed a signal at g=4.3,
indicating mononuclear ferric iron binding in each protein, as
reported previously (Zhou etal., 2023). This suggests that
N25 truncation did not affect mononuclear ferric iron binding in
clMagR. CD spectroscopy was then applied to analyze the
types of iron-sulfur clusters and their protein environments. All
three proteins showed two positive peaks at 371 nm and 426
nm and two negative peaks at 396 nm and 463 nm
(Figure 4B), suggesting the binding of the [2Fe-2S] cluster
(Azam etal.,, 2020) in the three proteins, consistent with
previous studies (Guo et al., 2021; Tong et al., 2022b).

While [2Fe-2S] shows typical absorbance in CD
spectroscopy, the [4Fe-4S] and [3Fe-4S] clusters usually
exhibit negligible CD intensity, complicating their detection via
CD methods. Therefore, EPR was used to determine the
possible existence of [4Fe-4S] and [3Fe-4S] in the clIMagR
and IscA proteins. Both the oxidized and reduced states of
cIMagR"", clIMagR"?®, and IscA were measured by EPR. As
shown in Figure 4C, oxidized cIMagR"™ was characterized by
a rhombic EPR signal with typical g values at g;=2.01,
g,=2.00, and g3=1.99, which disappeared when temperatures
reached 45 K, indicative of [3Fe-4S] binding (Beilschmidt
etal., 2017; Liu etal, 2013). Upon reduction with sodium
dithionite, signals corresponding to the [2Fe-2S] cluster were
observed at 45 K and 60 K (Figure 4D), consistent with prior
findings (Guo et al., 2021; Thompson et al., 2022; Tong et al.,
2022b). Similar EPR signals were observed for both N25-
truncated clMagR (Figure 4E, F) and IscA (Figure 4G, H) in
their oxidized and reduced states compared to wild-type
clMagR, indicating that the binding of iron-sulfur clusters is not
affected by the N-terminal 25 residues of cIMagR.
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Figure 4 N25 did not affect iron-sulfur cluster types in cIMagR
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A: EPR spectra of clMagR"", cIMagR®N?%, and IscA recorded at 10 K. B: CD spectra of purified cIMagR"T (black line), cIMagR®N?® (red line), and
IscA (blue line). C—H: X-band EPR spectra of as-purified clIMagR"' (C, D), cIMagR2"?® (E, F), and IscA (G, H). EPR experiments were performed
both at oxidized (upper) and reduced states (bottom), and recorded at different temperatures (10 K, 25 K, 45 K, and 60 K).

474 www.zoores.ac.cn


www.zoores.ac.cn

N25 residues involved in MagR/Cry complex formation

In addition to its iron sulfur binding capacity, MagR is
recognized for its ability to form a rod-like complex with Cry,
which functions in magnetic field sensing as a biological
compass. While N-terminal motif 6 of MagR is implicated in
the interaction with Cry based on structural simulation (Lu
etal.,, 2020), experimental evidence is lacking. Thus, to
determine whether the N-terminal 25 residues of cIMagR play
a role in complex formation with Cry, several constructs were
designed with a Strep tag fused to the N-terminal of wild-type
and N25-truncated clMagR and a His tag fused to the N-
terminal of Cry. Co-expression of Strep-tagged wild-type and
N25-truncated clMagR with His-tagged Cry led to the
identification and purification of the protein complexes using a
two-step tandem affinity purification procedure (Figure 5A).
Results showed stable interactions between clMagR"™" and
Cry, evident from two clear bands corresponding to their
molecular  weights on  SDS-PAGE  post-purification
(Figure 5B). However, the purification of the clMagR2"?® and
clCry4 complex yielded a clear band for clCry with a smear
and much weaker band for clMagR2"?® (Figure 5B), indicating
truncation of N25 strongly impairs cIMagR*"%/cICry4 complex
formation. These findings are consistent with the assumption
that the N-terminal motif of MagR plays an essential role in
magnetic compass formation (Lu et al., 2020; Xie, 2022).

DISCUSSION

MagR/IscA1 in eukaryotes and its prokaryotic homolog IscA
are widely distributed across all major phyla, with the major
distinction being the presence of 20-30 N-terminal amino
acids in MagR/IscA1, which are absent in IscA. In eukaryotes,
MagR/IscA1 is primarily located in mitochondria and involved
in various biological processes, including the biogenesis and
assembly of iron-sulfur clusters (Cézar-Castellano etal,
2004). MagR has also recently been identified as a putative
magnetoreceptor, forming a rod-like complex with Cry that
serves as a biological compass for magnetoreception (Qin
etal.,, 2016), with potential involvement of electron-transfer
reactions (Xie, 2022). Despite the high conservation of C-
terminal sequences of MagR in different species, N-terminal
sequences exhibit considerable divergence across species,
especially between eukaryotes and prokaryotes. However,
whether the N-terminal sequences play a specific role in

MagR functions remains unknown. Notably, our study
confirmed the N-terminal 25 residues of cIMagR serve as a
signal peptide for mitochondrial localization, aligning with the
general mitochondrial localization observed for MagR proteins.
Surprisingly, the N25 sequences were not cleaved following
protein maturation, yet this did not influence the overall
assembly of MagR in comparison to IscA in bacteria. The
absence of N-terminal residues in IscA did not alter the protein
assembly between MagR and IscA across various species,
suggesting a shared functional role in iron metabolism.

Interestingly, N25 strongly affected the binding efficiency but
not the types of iron-sulfur clusters and iron in clIMagR
(Figure 3). This observation is consistent with previous
research showing that iron binding is mediated with the
conserved Y65 residue, while iron-sulfur cluster binding is
mediated by three conserved cysteines, C60, C124, and
C126, located in the central and C-terminal regions of MagR,
distinct from the N25 region (Tong et al., 2022b; Zhou et al.,
2023). Thus, truncation of N25 did not directly impact the
binding of iron-sulfur clusters (Figure 4), nor the assembly
status of cIMagR (Figure 2). Therefore, our findings suggest a
possible allosteric regulation mechanism by which N25
influence iron and iron-sulfur cluster binding, warranting
further investigation. Additionally, N25 may mediate protein-
protein interactions between MagR and other iron-sulfur
assembly proteins, as well as Cry proteins. In support of this,
recent research has shown unexpected divergence in MagR
between robins and pigeons, attributed to two sequence
variations in the N-terminal region (Wang et al., 2024).

Our results also demonstrated the critical role of the N25 in
MagR and Cry complex formation, with significant impairment
in their interaction upon N25 truncation. This observation is in
agreement with the previous assumption suggesting that the
N-terminal motif of MagR may be located at the interface
between tetramers, potentially impacting magnetic compass
assembly, as deduced from structural simulations (Qin et al.,
2016; Yang et al., 2022). However, detailed protein structure
analysis has so far been limited to bacterial IscA, which lacks
the N-terminal 25 residues present in eukaryotic MagR,
leaving a gap in structural information for this specific N-
terminal region. Overall, this study highlights the importance of
the MagR N-terminal region in MagR and Cry complex
formation and provides potential guidance for future structural
studies on the MagR/Cry biocompass.
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Figure 5 Tandem affinity purification of cIMagR/cICry complex

A: Schematic showing co-expression and co-purification of cIMagR/cICry complex based on interactions between cryptochrome (cyan) and MagR
(brown). B: SDS-PAGE of purified clMagR, cICry4, and clMagR/cICry complexes. clMagR"", cIMagR®"?®, and cICry are indicated with arrows.
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Viewed through an evolutionary lens, iron metabolism
represents a universal necessity for life, whereas
magnetoreception is an adaptive trait evolved by some
species to enhance their navigational and migratory
capabilities. Regions of proteins that are less conserved
represent sites of slow evolution, which may not directly alter
protein function but can significantly impact protein
characteristics. This concept is supported by recent findings
reporting the biochemical and biophysical divergence in MagR
between robins and pigeons, attributed to two sequence
variations in the N-terminal region (Wang et al., 2024). In the
current study, the additional N-terminal 25 residues of clMagR,
absent in bacterial IscA, enhanced assembly efficiency of iron-
sulfur in eukaryotes and introduced a novel function for
interaction with Cry in magnetoreception. Given the variability
of the N-terminal sequences of MagR among different
species, the N-terminal 25 residues identified here may serve
as a footprint for understanding how magnetoreception
evolved in animals over time.

From an evolutionary viewpoint, less conserved regions of
proteins that evolved slowly may not directly alter the primary
function of a protein, but can profoundly affect protein
conformation, stability, and the specificity of its interactions
with other proteins. In the context of MagR, the N25 segment
showed less evolutionary conservation compared to other
segments of MagR, and while it did not change the types of
iron and iron-sulfur clusters that MagR binds to, it did influence
the efficiency of these bindings and the formation of
complexes with Cry. This suggests that the N25 segment may
affect the unique interaction dynamics between MagR and Cry
in various species, presenting an intriguing area for future
research.

Collectively, our study revealed that the N-terminal 25
residues of clMagR extend beyond merely serving as a MTS.
They also significantly enhance the binding efficiency of both
iron-sulfur clusters and iron in eukaryotic MagR proteins
compared to prokaryotic IscA and mediate the interaction
between MagR and Cry for the formation of a putative
magnetic biocompass. These discoveries advance our
understanding of the diversity and molecular mechanisms of
animal navigation from an evolutionary perspective and
provide insights into the future design of MagR as a potential
molecular magnetic tool via modulation of this N-terminal
region.
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