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Iron, the most abundant transition metal in the body, regulates cellular function but can be harmful in
excess, leading to reactive oxygen species production and cellular damage. Intracellular Fe®* exerts a
significant impact on cellular function, potentially contributing to various critical diseases. To address this,
detection methods need high selectivity, sensitivity, and real-time monitoring capabilities, essential for
comprehending disease progression. This necessitates advancements beyond conventional detection
approaches. Frataxin, a crucial mitochondrial protein, is indispensable for sustaining life, contributing not
only to iron metabolism but also to the formation of iron-sulfur clusters critical for cellular function. Its
deficiency is implicated in neurodegenerative diseases. We have developed a nanosensor, based on
fluorescence resonance energy transfer (FRET), designed to probe iron efflux mechanisms and facilitate
dynamic monitoring of iron concentration and its spatial distribution within living cells. To construct this
nanosensor, we strategically positioned CyaY, a bacterial frataxin ortholog, between ECFP and Venus,
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forming a FRET pair. This innovative nanosensor, designated as FeOS (iron optical sensor), demonstrates
exceptional selectivity for iron and maintains stability under physiological pH conditions. Additionally, we
engineered three mutant variants: 117C, AD10-117C, and D76H, with A10D-I17C displaying the highest
affinity for iron and a broad detection range. The distinguishing feature of this sensor is that it is genetically
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rsc.li/sensors encoded, facilitating real-time detection of iron levels within living cells.

Open Access Article. Published on 20 August 2024. Downloaded on 1/13/2026 6:33:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Introduction

Iron, the predominant transition metal element within the
human body, is abundant in the bloodstream, bone marrow,
muscle tissue, and the liver, where it contributes significantly to
vital biological functions such as oxygen and electron transfer,
as well as enzymatic reactions.” Its presence is integral to
organismal metabolism.*> It is vital for various cellular
processes, including oxygen transport, metabolism, and DNA
repair, regulated meticulously to avoid cellular damage.*®
Emerging research suggests that abnormal iron metabolism
is intricately linked to the development of numerous diseases.”
Abnormal iron metabolism appears in two primary forms:
excess and insufficiency. Excessive iron levels have been
associated with conditions such as malignancies, liver
inflammation, and diverse neurological ailments.® Conversely,
insufficient iron often results in iron deficiency anemia,
particularly prevalent among expectant mothers and young
children.’ Additionally, iron deficiency has been linked to
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impaired cognitive growth, compromised heart health, and
renal disorders.'"”"" The majority of iron within organisms is
tightly associated with specific enzymes, carrier proteins, or
storage molecules. Labile iron exhibits notable reactivity and
can catalyze the Fenton reaction, generating highly active free
radicals that oxidize and damage various cellular constituents,
including genetic material, cellular proteins, and fatty acids,
ultimately resulting in considerable cellular damage and the
possibility of cell demise.®

Previous research shows that frataxins in Homo sapiens,
yeast, and Escherichia coli (E. coli) can bind Fe(un) and Fe(im)
with modest affinities, suggesting a significant role in their
function. CyaY, the bacterial counterpart to human frataxin,
is a notable model due to its shared homology and unique
characteristics.”> Despite having 27% similarity and 45%
homology with human frataxin, CyaY is a 106-residue protein
exclusive to the conserved domain without mitochondrial
import signals. It exhibits similar iron-binding properties to
yeast frataxin but with greater stability in terms of both
thermal resilience and structural fold. Utilizing a bacterial
model simplifies frataxin exploration due to its confined
machinery within operons.”

Over the past few decades, various volumetric and
gravimetric methods have been developed, each based on
distinct physical and chemical principles, and have been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established for quantifying iron levels. Nevertheless, the
potential for errors looms, particularly when estimating trace
amounts of iron."””> One of the most precise means of
measuring iron concentration involves absorption atomic
spectroscopy. There is a scarcity of iron-selective sensors that
offer a straightforward, swift, and dependable analytical
solution. Among these sensors, some rely on chalcogenide
glass systems, while others are based on plasticized
polymeric electrodes. The former category poses challenges
due to their idiosyncratic and incompletely understood
interfacial chemistry. Poly(vinyl chloride) (PVC)-based sensors
are advantageous due to their capacity for compositional
optimization, enhanced  selectivity, and ease of
miniaturization. One study explored the feasibility of utilizing
Schiff bases as ionophores for iron sensors. Several Schiff
bases from the literature were evaluated for their potential in
developing iron-selective sensors, revealing the effectiveness
of a PVC-based membrane containing a p-bis(tridentate)
ligand as an iron sensor. The operational principle of PVC-
based membranes entails selective recognition by the
embedded carrier through complex formation with the
analyte ion. Notably, the p-bis(tridentate) ligand is reported
to form robust complexes with iron, eliciting a
potentiometric response. However, these approaches involve
time-intensive procedures and substantial costs, and
necessitate specialized equipment that is not commonly
available in standard laboratories. As a result, there exists a
pressing demand for a more straightforward yet equally
precise method suitable for routine iron detection and
related cellular biological events.'*"*

This study presents a genetically encoded FRET-based
nanosensor capable of monitoring real-time changes in iron
concentration within living cells. In this study, CyaY was
employed as the iron-sensing domain and served as the
recognition element. CyaY was linked with two distinct
variants of green fluorescent protein (GFP) functioning as the
reporter genes. Enhanced cyan fluorescent protein (ECFP)
was chosen as the donor fluorophore, while Venus, a
derivative of yellow fluorescent protein (YFP), was employed
as the acceptor. These fluorophores, ECFP and Venus, were
strategically placed at the N and C termini of the nanosensor,
respectively, to create the sensor construct. The nanosensor
was employed in both prokaryotic and eukaryotic systems,
where it hinged on the rate of energy transfer between the
donor and acceptor fluorophores as a diagnostic measure for
assessing iron levels, both in vitro and in living cells.

Materials and methods
Nanosensor design and construction

The design and construction of the nanosensor began with
the retrieval of the CyaY protein sequence and its three-
dimensional structure from databases: Kyoto Encyclopedia of
Genes and Genomes (KEGG) and the RCSB Protein Data Bank
(PDB). The nanosensor was constructed by amplifying the
CyaY gene using polymerase chain reaction (PCR), utilizing
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genomic DNA extracted from E. coli K12. This process utilized
a forward primer (5-CGGggtaccATGAACGACAGTGAATTTC
ATC-3') and a reverse primer (5-CGGggtaccGAAACTGACTG
TTTCACCCGCC-3'), with the lowercase sequence designating
the Kpnl restriction site. Strategically, one stop codon was
removed from the gene's 3’ end to ensure the integrity of the
resulting protein and avoid truncation. The nanosensor
harnessed the intrinsic fluorescence properties of fluorescent
proteins (FPs), ECFP and Venus. To achieve this, PCR was
employed to amplify the ECFP and Venus fluorescent
proteins from the pDH18 vector (YRC, Washington, USA).
Subsequently, the amplified ECFP, CyaY, and Venus genes
were sequentially integrated into the bacterial expression
vector pRSET-B (Invitrogen, USA) that introduces an in-frame
His tag at the amino terminus of the genetic sequence. This
resulted in the development of the construct known as
pRSET-B_ECFP_CyaY_Venus (FeOS). The accuracy of the
genetic sequences for ECFP, Venus, and CyaY was confirmed
using Sanger sequencing. To facilitate the expression of the
nanosensor in yeast, the chimeric sequence was transferred
to the destination vector pYES-DEST52 (Invitrogen, USA). This
shuttle was facilitated by Gateway technology and the LR-
clonase-II enzyme, adhering to the manufacturer's provided
guidelines. Saccharomyces cerevisiae (S. cerevisiae)/URA3 strain
BY4742 was employed as the host organism and was cultured
on YEPD agar (consisting of 1% yeast extract, 2% peptone,
and 2% glucose). Subsequently, a liquid YEPD medium was
utilized for growth under controlled conditions at 30 °C with
aeration, and the yeast cells were transformed with the
nanosensor construct. Furthermore, to enable the expression
of the sensor within human embryonic kidney (HEK)-293T
mammalian cells, the sensor protein sequence was excised
from the pRSET-B vector and subsequently sub-cloned into
pcDNA3.1(-) (Invitrogen, USA) utilizing BamHI and HindIIl
restriction sites.

Expression and purification of the recombinant protein

FeOS was introduced into E. coli Rosetta cells via heat shock,
followed by selection with 100 pg ml™" ampicillin. The cells
were cultivated in Luria Bertani (LB) medium at a temperature
of 20 °C until reaching an optical density (ODggo) of 0.6. To
induce protein expression, isopropyl-p-1-thiogalactopyranoside
(IPTG, Himedia) was added to the cells, resulting in a final
concentration of 1 mM. The cells were then cultured overnight
at 16 °C for a duration of 21 hours. Afterward, the expressed
cells were harvested through centrifugation at 4500 rpm for 20
minutes, and the pellet obtained was re-suspended in a Tris-Cl
buffer (20 mM, pH 8.0). Subsequently, the sensor protein was
purified using nickel-nitrilotriacetic acid (Ni-NTA, Qiagen,
Germany) resin beads via His-tag affinity chromatography. This
purification process followed the initial step of cell lysis, which
was achieved using sonication equipment (Labsonics, USA).
The binding of the protein to the resin beads occurred at a
temperature of 4 °C over the course of approximately an hour.
After the beads had settled, washing was performed with 20
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mM Tris-Cl and 10 mM imidazole (pH 8.0), and elution was
achieved with 20 mM Tris-Cl and 250 mM imidazole (pH 8.0).
Protein folding was ensured by storing overnight at 4 °C, and
purity was confirmed using 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

Fluorescence emission spectra and stability assessment

Fluorescence emission spectra of the sensor protein were
obtained using a microplate reader (Biotek, USA), exciting
ECFP at 420 nm and capturing emission fluorescence
between 460 nm and 600 nm. Stability assessment involved
dilution of the sensor protein in 20 mM buffers with pH
ranging from 5.0 to 8.0, including tris buffer saline (TBS),
3-(N-morpholino)propane sulfonic acid (MOPS), phosphate-
buffered saline (PBS), and Tris-Cl. Stability in 20 mM PBS
across pH 5.0 to 8.0, with and without iron, was also
evaluated. FRET ratio change (Em540/485 nm)
measured using a microplate reader with emission filters at
485/20 nm for ECFP and 540/20 nm for Venus, in triplicate
with a 96-well plate.

was

Site-directed mutagenesis

It has previously been established that frataxins from diverse
species exhibit binding to iron within corresponding protein
regions, albeit with a relatively modest affinity, suggesting
the importance of iron binding for their biological function.
Nonetheless, these proteins display low specificity for cations
and possess multiple binding sites with a propensity to
chelate metals with low affinity.” To explore potential
modifications in CyaY's binding capacity and specificity for
iron, affinity mutants were systematically created. These
mutants, designated as 117C, double mutant A10D-I117C, and
D76H of FeOS, were created by introducing point mutations
within the CyaY gene using the QuikChange site-directed
mutagenesis kit (Agilent, USA). Subsequently, the mutant
sensor proteins were expressed and purified using the
previously described method.

Assessment of the selectivity of wild-type and mutant FeOS
proteins

To assess the specificity and selectivity of both the wild-type
(WT) sensor and its mutant counterparts, the purified sensor
proteins were diluted in 20 mM PBS buffer and subjected to
incubation with various metal ions at physiologically relevant
concentrations. The tested metal salts encompassed iron
(Fe** and Fe®"), copper (Cu®*), zinc (zZn>"), silver (Ag"),
cadmium (Cd**), cobalt (Co**), and nickel (Ni**). Changes in
the FRET ratio were monitored to determine the metal
specificity demonstrated by the sensor proteins.

Ligand binding isotherms

To evaluate the iron-binding affinity of FeOS proteins, FRET
ratio measurements were conducted in triplicates using a 96-
well microtiter plate. These measurements were recorded
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until reaching equilibrium, signifying saturation in the
ligand titration. Subsequently, GraphPad Prism software was
employed to calculate the binding constants (Kg) for both the
WT and sensor variants. The ligand titration curves were
fitted to a binding isotherm equation as follows:"

8 = (r = Fapo)/(Fsat = Tapo) = [Fe*"]/(Kq + [Fe*'])

In this equation, “S” denotes the degree of saturation,
“[Fe**]” represents the concentration of Fe**, “r” indicates the
relative ratio change in the emission intensities of the two
fluorophores, “r,p,” signifies the ratio in the absence of Fe*',

and “rg,.” denotes the ratio at saturation with Fe*".

Detection of intracellular Fe?" in bacterial cells

Fe** uptake within E. coli was continuously monitored over
time. The sensor protein A10D-I117C was expressed in E. coli
BL21-Rosetta strain while the cells were in their logarithmic
growth phase, corresponding to an ODgg, of 0.6. Induction
was achieved with 1 mM IPTG at 16 °C under light-deprived
conditions for 21 hours. After expression, cells were
resuspended in 20 mM PBS buffer (pH 7.0) along with Fe**
and dispensed into microplate wells in triplicates. FRET ratio
measurements were taken every 5 minutes for 2 hours, with a
control experiment performed without added Fe®".
Throughout the predefined timeframe, ratiometric changes
were monitored. As a negative control, the ECFP-Venus
construct was cloned in pRSET-B. It lacked the binding
domain CyaY. The control experiment was carried out
simultaneously using the ECFP-Venus system and the FRET
ratio was monitored after addition of 1 pM Fe**. The
bacterial cell suspension (180 ul) was dispensed and
incubated with metal ions such as Cu** and zZn*" at a
concentration of 1 pM each to study the effect of these metal
ions on the sensor at the in vivo level. The FRET ratio
changes were recorded at 0 minute and after 60 minutes of
incubating the cell suspension with these metal ions. For
these measurements, an excitation filter was set at 420/20
nm, while emission filters were adjusted to 485/20 nm and
540/20 nm for ECFP and Venus, respectively, thus enabling
the precise capture of dual emission intensities in the form
of FRET signals. Confocal images of the bacterial cells
expressing the sensor were also acquired on a confocal
microscope using LAS-AF software (Leica, Wetzlar, Germany)
equipped with a TCS-SPE confocal head.

Real-time monitoring of the sensor A10D-117C within live
eukaryotic cells

The sensor A10D-I17C was introduced into the S. cerevisiae
BY4742 strain to study its internalization, subcellular
localization, and distribution within yeast cells. Transformed
cells were selected on synthetic defined (SD) agar plates and
cultured in YEPD media supplemented with 3% galactose
and 2% sucrose for 3-5 days. Galactose served as an inducer,
while sucrose ensured nutrient availability. Yeast cells were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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then immobilized onto glass slides, and FRET ratio
measurements (540/485 nm) were performed after adding 1
uM Fe**. In parallel, a control experiment was conducted to
record ratiometric changes in the absence of externally added
Fe’" ions. As a negative control, the ECFP-Venus construct
was cloned in pYEST-DEST52. 1 uM Fe*" was added to the
ECFP-Venus system and FRET ratio changes were obtained
for the defined period. Images of the yeast cells were
captured using a 63x oil immersion objective on a confocal
microscope over 10 minutes. Yeast cells were also incubated
with Cu®" and Zn?', each at a concentration of 1 uM. This
aimed to investigate the impact of these metal ions on the
sensor in vivo. FRET ratio changes were recorded both at the
start (0 minute) and after 10 minutes of incubation with
these metal ions.

The HEK-293T cell line was maintained in Dulbecco's
modified Eagle's media (DMEM, Sigma, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco-
Life Technologies, Thermo Fisher Scientific, USA) and 1%
antibiotic cocktail. Cells were cultured on sterile polylysine-
coated coverslips in 6-well cell culture plates in a humidified
incubator at 37 °C with 5% CO, after a serum starvation
period of 3-5 hours. Transfection with sensor A10D-I17C
using lipofectamine was performed, followed by 48 hours of
incubation with media replacement. For imaging, cells were
washed with 20 mM PBS buffer (pH 7.0), and confocal
microscopy was used to capture images. FRET ratio changes
were recorded after adding 1 uM Fe*" with excitation at 420
nm, continuously for 10 minutes. Control recordings were
performed without 1 uM Fe®'. A negative control was also
established wherein 1 uM Fe®" was added to the ECFP-Venus
system and ratio changes were recorded for the set period.
HEK cells were exposed to 1 uM Cu®" and Zn>’, and FRET
ratio changes were monitored at 0 minute and after 10
minutes of incubation to determine the effect of these metal
ions on the sensor.

Results and discussion
Nanosensor construction

Iron is an essential nutrient vital for cellular energy
production and serves as a fundamental component in
structures such as hemoglobin, myoglobin, heme enzymes,
and various enzyme cofactors. However, iron can also
become detrimental when it accumulates excessively,
resulting in conditions like hemochromatosis. Maintaining
the proper balance of iron is crucial for the normal
functioning of cells. The precise mechanism through
which frataxin regulates the balance of oxidative stress is
intricate and not yet fully comprehended. Hence, it is
imperative to elucidate the regulatory pathways responsible
for the detection and measurement of iron levels and
associated cellular processes.'®™*® To meet this imperative
need, there is a pressing requirement for the development
of a straightforward, reliable, non-invasive, cost-effective,
and highly sensitive method to detect trace levels of iron

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in both simple and complex cellular environments.
Consequently, the demand for iron detection in clinical,
medical, environmental, and industrial samples has driven
the development of various iron measurement techniques
and methods.

In this work, we have devised a genetically encoded
nanosensor utilizing fluorescence sensing technology. This
nanosensor allows for real-time, non-invasive detection of
iron levels. Our approach involved the creation of a
recombinant protein where we fused fluorescent variants,
ECFP (as the donor) and Venus (as the acceptor), to the N-
and C-termini of CyaY, respectively, to form a FRET pair,
enabling the precise measurement of ratiometric changes in
cellular iron flux rates. The nanosensor was successfully
constructed within the pRSET-B vector which includes a
hexahistidine (6x His) tag positioned at the N-terminus,
facilitating the rapid purification of fusion proteins using
nickel-chelating resin. The accuracy and integrity of the
nanosensor construct were verified through sequencing, as
depicted in Fig. S1.f All frataxins share common structural
features, including a hydrophobic region situated within the
B-sheet stretch and a negatively charged region located on
helix 1. These regions play a pivotal role in their metal
binding capabilities, which primarily involve clustered
aspartic acid Asp and glutamic acid residues.” CyaY, a
specific frataxin variant, consists of two helices (3-22 [o1]
and 87-99 [02]) that are tightly packed against a six-
stranded, anti-parallel 8 sheet (30-35 [B1], 38-43 [B2], 48-53
[B3], 60-63 [B4], 69-73 [B5], 78-80 [B6])."? CyaY exhibits a 1:
2 binding stoichiometry with Fe®". Additionally, it has been
observed that the CyaY-Fe’* complex can have a
stoichiometry of 1:7."

The genetically encoded nanosensor developed in this
study represents a powerful tool for advancing our
understanding  of  neurodegenerative  disorder like
Friedreich's ataxia (FRDA), the role played by frataxin, and
the intricate involvement of iron in this pathological
condition. By enabling real-time, non-invasive detection of
iron levels and flux rates, the sensor provides researchers
with a valuable tool to monitor how iron is dysregulated in
FRDA-affected cells. Moreover, the successful transfer of the
sensor protein to specific vectors, such as pYES-DEST52 and
pcDNA3.1 (=) for cellular expression, demonstrates its
versatility and applicability in different cellular systems.
Fig. 1 displays the linear representation of FeOS constructs
within various vectors designed for expression in both
prokaryotic and eukaryotic systems. The arrangement of
genes within nanosensor constructs across various expression
vectors designed for enhanced cellular expression is depicted
in a circular diagram in Fig. S2.}

Protein expression and purification

The recombinant protein was effectively purified using Ni-
NTA His-tag affinity columns, and this purification process
was carried out under light-protected conditions. To confirm
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EXPRESSION
Kpnl Kpnl Hindll SYSTEM
| |
CyaY Venus E. Coli (Rosetta)
Kpnl Kpnl Hindlll
| |
CyaY Venus  attR2 S. cerevisiae
Kpnl Kpnl Hindlll
| |
CyaY Venus HEK-293T

Fig. 1 Schematic linear representation of FeOS constructs in various vectors for cellular expression in different systems for cell-based studies.

the size and integrity of the sensor protein, the purified
protein was analysed using a 10% SDS-PAGE gel, which
exhibited the expected band.

FRET emission spectra

FRET is a phenomenon that facilitates the transfer of energy
from one fluorophore, known as the donor, to another,
termed the acceptor, resulting in a measurable shift in
fluorescence emission. This process is invaluable for
monitoring dynamic interactions involving fluorescent
nanoparticles, labeled proteins, or cells in real-time and non-
invasively. Effective FRET relies on selecting donor-acceptor
pairs with significant spectral overlap and utilizing bright
donor fluorophores.® In this study, in vitro spectral analysis
of FeOS revealed changes in the fluorescence emission
intensities of ECFP and Venus in response to varying iron
concentrations. Specifically, the emission intensity of ECFP
decreased, while that of Venus increased, indicating non-
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w/oIron

= 0.1 uMIron
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10000 +

Fluorescence Emission Intensity
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Fig. 2 Spectral analysis of the FeOS protein. The spectrum was
obtained through fluorimetry, with excitation of the sensor protein at
420 nm. An increase in the FRET ratio becomes apparent upon the
binding of iron, characterized by a reduction in the emission intensity
of ECFP coupled with a simultaneous increase in the emission intensity
of Venus.
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radiative energy transfer from the donor to the acceptor
molecule, indicative of FRET (Fig. 2). FRET-based biosensors
have become essential tools in various biological
applications, including disease detection and drug screening.
They offer several advantages, such as simplicity, uniform
assay conditions, high sensitivity, specificity, and rapid
response. These qualities make them valuable for conducting
precise quantitative measurements, both in vitro and within
living cells.*

Evaluation of the sensor protein's stability

Minimal changes in the FRET ratio were observed when FeOS
was evaluated in 20 mM PBS buffer, indicating its stability in
this buffer (Fig. 3a). The variations in the FRET ratio
observed across different buffer solutions when iron is not
present are probably because of differences in buffer
composition and solvent effects. Variations in pH, ionic
strength, and solvent polarity across different buffers can
influence the conformational dynamics and stability of the
sensor, affecting energy transfer efficiency between
fluorophores and leading to differences in FRET ratio.
However, we chose the buffer in which the FRET ratio
changes were least significant for further experiments which
is PBS in our study. Consequently, 20 mM PBS buffer at pH
7.2 was chosen for further dilution of the sensor protein in
subsequent experiments. FRET ratio measurements were
recorded by diluting FeOS in 20 mM PBS buffer with a
variable pH range of 5.0 to 8.0, both in the absence and
presence of 0.1 uM iron. Significant ratiometric changes were
observed under acidic conditions up to pH 7.0, while FeOS
exhibited greater stability within the alkaline physiological
range of 7.0 to 8.0 (Fig. 3b). Given that the cytosolic pH in S.
cerevisiae typically falls within the range of approximately 7.2,
FeOS is considered a suitable candidate for investigating iron
uptake within yeast cells. It's crucial to rigorously assess the
stability of the sensor protein, considering that
environmental factors can influence the properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FeOS protein stability. (@) The stability assessment involved the
calculation of the 540/485 nm ratio within various buffer systems (TBS,
MOPS, PBS and Tris-Cl) over a pH range 5.0 to 8.0. (b) The pH stability
of FeOS was evaluated in 20 mM PBS buffer, measuring the FRET ratio
across different pH levels both in the presence and absence of 0.1 uM
iron. Enhanced stability was observed with increasing pH, and the
sensor exhibited optimal stability beyond pH 7.0. The data represent
the means of three independent replicates (n = 3), with vertical bars
indicating standard error.

fluorescent proteins. This ensures the specificity and
reliability of the sensor protein.>?

Affinity mutants and their specificity evaluation

Site-directed mutagenesis was employed to introduce specific
point mutations in the WT FeOS. The fidelity of these mutant
variants was validated through sequencing, as shown in Fig.
S3.f The WT-FeOS and the mutants, including 117C and
D76H, exhibited relatively similar FRET ratio changes when
exposed to different metal ions. This suggests that these
metals could be competing with iron for the same binding
site within the sensor. However, the double mutant A10D-
117C displayed increased specificity for Fe*" despite the
presence of other metal ions, as evidenced by the maximum
change in the FRET ratio observed in this case (Fig. 4). These
findings suggest that while other metals may indeed compete
with iron for binding, the A10D-117C mutant demonstrates a
heightened affinity for iron, highlighting its potential as a
selective iron sensor. In live cells, the levels of physiological
trace metals like Cu®>" and Zn** can vary widely, influenced
by factors such as cell type and their specific roles within the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cell. Typically, copper concentrations range between 10 and
100 puM, while zinc concentrations are usually found within
the 100-300 pM range. In this study, we observed that when
the A10D-117C sensor was exposed to Cu®’' and Zn*' at
concentrations in these ranges (10 puM, 50 uM), there was
minimal change in the FRET ratio compared to the
significant changes seen in the presence of iron, as depicted
in Fig. 4c. This led us to conclude that the sensor exhibited
specificity towards iron. The introduction of point mutations
in the sensing domain has the potential to alter the substrate
binding properties of the sensor, thus expanding its
applicability for sensing iron concentrations.>®

Ligand binding isotherms of the sensor protein

The WT and affinity mutants were evaluated over a range of
Fe*" concentrations ranging from 10 nM to 300 uM. The FRET
ratios exhibited an initial increase followed by stabilization,
indicating the saturation of FeOS with Fe*" ions, with no further
significant change observed in the ratio (Fig. 5). This saturation
curve provides evidence of the complete occupancy of the
ligand-binding pocket of CyaY in FeOS with Fe**. The calculated
K4 values for WT-FeOS and mutants, including I117C, A10D-
117C, and D76H, were 1.02 uM, 0.98 uM, 0.90 uM, and 1.75 uM,
respectively. The Ky values obtained for the sensor variants shed
light on their affinities for iron, with lower K4 values indicating
stronger binding affinity. This suggests that the sensor
effectively binds to iron even at lower concentrations, enabling
the detection of minute changes in the ratio. Moreover, the
sensor demonstrates versatility by detecting iron concentrations
across a broad range, from nanomolar to micromolar levels, as
shown in Table 1. Iron concentrations can vary widely across
different cell types ranging from around 1-20 uM in the cytosol
of mammalian cells to 100-300 pM in mitochondria. This
versatility underscores the sensor's utility for detecting iron
within physiologically relevant concentration ranges. Table 1
provides the determined dynamic range of Fe** detection for
both the WT and its variants. The mutant sensors exhibited
altered Ky values compared to the wild type, consistent with the
known phenomenon of point mutations in the sensing domain
affecting the substrate binding properties of the sensor. Among
all the developed sensors, A10D-I17C is considered the most
suitable for investigating the dynamics of Fe*" levels at the
in vivo level, as it displayed the lowest binding constant and can
measure Fe** levels across various physiological scales.

Intracellular monitoring of sensor A10D-117C in E. coli

Live cell images confirmed the successful expression of the
sensor in E. coli (Fig. S4ft). For the in vivo bacterial study,
sensor A10D-I17C and Fe*" (1 uM) were mixed, with
measurements taken over 60 minutes at 5-minute intervals.
The recorded data showed a basal FRET ratio of 0.995 at the
start (0 sec), which significantly increased over 50 minutes
after the addition of 1 uM Fe*", reaching saturation
thereafter. The control experiment exhibited negligible FRET
variations in the absence of Fe®', confirming insignificant
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Fig. 4 Comparative analysis of the metal specificity of WT-FeOS and affinity variants. (a-d) The change in the ratio was assessed in the presence
of different metal ions. The data represent the means of three independent replicates (n = 3), with vertical bars indicating standard error.

energy transfer from the donor to the acceptor without Fe*".
Negative control pRSET-B_ECFP_Venus was then expressed in
E. coli and the FRET ratio was calculated. It was observed that
upon adding Fe** the FRET ratio change was negligible,
clearly indicating that energy transfer is not occurring when
the Fe’* sensing domain CyaY is absent from the construct
(Fig. 6a). No significant change in the FRET ratio was

139 ¢
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Fig. 5 Ligand-binding isotherms for WT-FeOS and affinity variants. In
vitro assessment of ligand-dependent FRET ratio changes was
conducted in the presence of Fe?*. The affinity mutants, denoted as
117C, A10D-I17C and D76H, were compared with the WT nanosensor.
The data represent the means of three independent replicates (n = 3),
with vertical bars indicating standard error. The error bars are smaller
than the data points and may not be visible.
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obtained by the addition of metal ions (Cu®*" and Zn*"),
confirming the in vivo specificity of the sensor (Fig. 6b). All
measurements were performed in triplicate. The intracellular
results displayed a time-dependent response curve of FeOS to
Fe**, illustrating its suitability for real-time monitoring of
Fe** in live bacterial cells. This study contributes to the
development  of  genetically encoded  FRET-based
nanosensors, offering non-invasive and real-time monitoring
of specific metabolite concentrations in vivo with high spatio-
temporal resolution.>***

In vivo monitoring and cell imaging of A10D-I17C in S. cerevisiae
and HEK-293 T cells

Yeast cells, due to their highly conserved protein nature, are

ideal for studying metal ion trafficking and nutrient

Table 1 Binding properties of the WT sensor and affinity mutants

Sensor Kq (M) (+SD%) Dynamic range”
wild type 1.02 x 10° (£0.02) 30 nM-100 uM
117C 9.83 x 107 (£0.02) 10 nM-90 pM
A10D-117C 9.02 x 1077 (£0.02) 50 NM-200 M
D76H 1.75x10°° (£0.02) 10 nM-100 uM

Binding constants (Kg) determined in vitro. “ Standard Deviation (SD).
b Effective quantification range between 10 % and 90 % saturation of
the nanosensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Assessment of A10D-117C in bacterial cells. (a) A time-
dependent response curve was generated by measuring the FRET ratio
following the incubation of a bacterial cell suspension containing
sensor ALOD-117C with 1 uM Fe®*. Additionally, the ratiometric changes
were also recorded for the defined period in the control set-up in
which no Fe?* was added. (b) FRET ratio changes recorded before and
after incubation of the bacterial cell suspension with Cu?* and Zn?* for
0 minute (at the start) and after 60 minutes. The data represent the
means of three independent replicates (n = 3), with vertical bars
indicating standard error.

imbalance-related diseases in humans.?® Real-time in vivo

imaging revealed significant fluorescence in the cytosol,
indicating successful A10D-117C expression (Fig. 7a). Fe*"
transport into the cytosol was observed, generating FRET
ratio signals, enabling dynamic Fe** concentration
monitoring post 1 puM Fe*" addition. The recorded data
showed an initial rapid ratio increase from 0.99 to 1.20 at 8
minutes, followed by saturation. Conversely, no ratio change
was observed in the control group where no Fe** was added
to the sensor. No change in the ratio was also acquired with
the ECFP-Venus only indicating that the FRET is the result of
conformational changes in CyaY upon binding of Fe**. These
ratiometric changes were visualized in a plotted graph
(Fig. 7b). Although we have not directly calculated the signal-
to-noise ratio of the sensor, we conducted a control
experiment where no analyte (iron) was added, as shown in
Fig. 7b. Under the control conditions, the observed FRET
signal was almost negligible, serving as the baseline signal in
the absence of iron. Any additional FRET signal detected
would be attributed to the presence of iron when the sensor
is incubated within the cell. This demonstration underscores

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Real-time visualization of the dynamic flux rate of Fe?" in
yeast cells. (a) A confocal image displaying the cytosolic expression
of A10D-117C in S. cerevisiae (scale bar - 3 um). (b) The graph
represents the 540/485 nm ratio change in the cytosol of individual
yeast cells expressing A10D-117C in the presence of 1 uM Fe?*. The
ratiometric change observed in the control set-up was also recorded
and compared.

the sensor's ability to distinguish between background noise
and the actual signal, thus contributing to its effectiveness in
detecting intense fluorescence, which is a crucial criterion for
a superior sensor. Yeast cells, when incubated with Cu®>" and
Zn**, showed no significant change in the FRET ratio,
confirming the in vivo specificity of the sensor, as these metal
ions do not impact the FRET ratio (Fig. S57).

Confocal imaging of the transfected cells confirmed the
effective expression of sensor A10D-I17C within the cells
(Fig. 8a). The recorded FRET changes exhibited a continuous
increase upon Fe** addition, up to 5 minutes, followed by
saturation. Conversely, the HEK-293 T cell line transfected
with sensor A10D-117C in the absence of Fe*" displayed no
significant changes in the FRET ratio, indicating negligible
energy transfer. The HEK-293 T cell line transfected with
pcDNA3.1(-) containing the ECFP-Venus construct as the
negative control did not yield significant changes in the FRET
ratio (Fig. 8b). In a similar manner, when HEK cells were
exposed to Cu** and Zn**, there was no notable alteration in
the FRET ratio (Fig. S61). The cell-based assessments of yeast
and mammalian cells collectively demonstrated that sensor
A10D-117C possesses remarkable potential for monitoring
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Fig. 8 Monitoring of Fe?* uptake by sensor A10D-117C in the HEK-293
T cell line. (a) A confocal image displaying mammalian HEK-293 T cells
expressing the nanosensor, depicting ECFP, Venus, merge, ratiometric
and brightfield channels (scale bar - 10 um). (b) The time-dependent
FRET ratio changes in single HEK-293 T cell expressing A10D-117C in
the presence of externally supplied 1 pM Fe2*. The ratiometric change
observed in the control set-up was also recorded and compared over
10 minutes.

real-time dynamics of Fe** levels in eukaryotic cells under
in vivo conditions. Genetically encoded nanosensors utilizing
FRET offer rapid, sensitive, precise, and real-time metabolite
dynamics analysis, potentially overcoming current
methodological constraints.>”

Conclusions

In summary, we have successfully developed a genetically
encoded sensor for the detection and characterization of
intracellular Fe** levels both in vitro and in living cells. The
affinity variant A10D-I17C engineered through mutagenesis
identified the physiological range of Fe** measurements and
exhibited sensitivity to variations in Fe®" concentrations
establishing it to be one of the most effective nanosensors
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built. A10D-I117C was successfully expressed in live cells and
proved capable of tracking real-time flux rates of Fe*" across
various cell types, even at low concentrations. This
underscores the sensor's versatility and effectiveness in both
prokaryotic and eukaryotic systems. The sensor's design is
straightforward and efficient, making it a valuable tool for
studies, enabling the monitoring of changes in cellular Fe**
concentrations with high spatial and temporal resolution.
Compared to chemical and protein-based methods, this
genetically encoded sensor offers advantages in terms of
resilience, reusability, and ease of regeneration in cellular
contexts. What sets this sensing tool apart is that it is
genetically encoded and uses fluorescence sensing assay
technology to monitor changes continuously and rapidly in
real-time, presenting the results as fluorescence signals from
living cells. The sensor can facilitate investigations into the
complex mechanisms through which frataxin influences iron
metabolism and how changes in iron concentrations correlate
with increased oxidative stress—a hallmark of FRDA.
Furthermore, the sensor holds potential for drug development
and diagnostic purposes, advancing our understanding of
FRDA and potentially revealing novel therapeutic avenues.
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