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Abstract: α-Synuclein (α-Syn) is implicated in the pathophysiology of Parkinson’s disease
(PD) and plays a significant role in neuronal degeneration. Iron response proteins (IRPs)
bind to iron response elements (IREs) found in the 5′-untranslated regions (5′-UTRs) of
the messenger RNA that encode the α-Syn gene. This study used multi-spectroscopic
approach techniques to investigate the impact of iron on α-Syn IRE RNA binding to
IRP1. The formation of a stable complex between α-Syn RNA and IRP1 was suggested
by fluorescence quenching results. Fluorescence measurements showed that α-Syn RNA
and IRP1 had a strong interaction, with a binding constant (Ka) of 21.0 × 106 M−1 and 1:1
binding stoichiometry. About one binding site per IRP1 molecule was suggested by the
α-Syn RNA binding. The Ka for α-Syn RNA•IRP1 with added Fe2+ (50 µM) was 6.4 µM−1.
When Fe2+ was added, the Ka of α-Syn RNA•IRP1 was reduced by 3.3 times. These
acquired Ka values were used to further understand the thermodynamic characteristics
of α-Syn RNA•IRP1 interactions. The thermodynamic properties clearly suggested that
α-Syn RNA binding to IRP1 was an entropy-favored and enthalpy-driven event, with
significant negative ∆H and small positive ∆S. For α-Syn RNA•IRP1, the Gibbs free energy
(∆G) was −43.7 ± 2.7 kJ/mol, but in the presence of Fe2+, it was −36.3 ± 2.1 kJ/mol. These
thermodynamic calculations indicated that hydrogen bonding as well as van der Waals
interactions might help to stabilize the complex formation. Additionally, far-UV CD spectra
verified α-Syn RNA•IRP1 complex formation, and α-Syn RNA and Fe2+ induce secondary
structural alteration of IRP1. According to our findings, iron alters the hydrogen bonding
in α-Syn RNA•IRP1 complexes and induces a structural change in IRP1. This suggests that
iron selectively affects the thermodynamics of these RNA–protein interactions.

Keywords: neurodegenerative diseases; Parkinson’s disease; α-synuclein IRE RNA; IRP1;
RNA–protein binding; fluorescence; thermodynamics; circular dichroism

1. Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative disease characterized

by the accumulation of Lewy bodies, which are intracellular neuronal aggregates. Out
of all the diseases that exist worldwide, Parkinson’s disease is the second most common
neurodegenerative illness. According to the World Health Organization, around nine
million people worldwide suffer with Parkinson’s disease (PD), whose prevalence has
doubled in the last 20 years [1]. PD’s etiology is still unknown; however, the primary
pathophysiology is the high concentration of α-Synuclein (α-Syn) aggregates in Lewy
bodies [2–4]. α-Syn protein is a 140-amino-acid residue which is naturally disordered in
solution but takes on a helical form when exposed to acidic lipid surfaces [5,6]. α-Syn
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(SNCA) gene mutations that cause familial PD [7,8] and duplication/triplication of the
SNCA that cause early-onset PD in affected families [9] further emphasize α-Syn’s role
in disease progression. This is further supported by the fact that one of the main causes
of dopaminergic degradation in Parkinson’s disease is the misfolding and subsequent
accumulation of α-Syn. Since dementia and dominantly inherited PD with a gene dosage
effect develop in people with SNCA gene locus expansion, the rate of fibrillization and
neurotoxicity is significantly affected by the α-Syn expression level [10]. As the population
ages, effective methods for stopping or reversing α-Syn accumulation and neurotoxicity
are desperately required to avert an exponential rise in disease.

Since the description of the hereditary variants of PD, α-Syn has been implicated
in the pathophysiology of the disease. According to research on animal models, cell
biology, neuropathology, and genetics, α-Syn is a crucial protein in the pathophysiology
of PD [11]. This protein has the ability to misfold, oligomerize, and form fibrils, which
spread throughout the brain’s neurons and cause neuronal death [12,13]. The various
types of accumulated α-Syn may trigger diverse mechanisms that affect physiological
function or have negative effects. Nonetheless, the majority of biochemical processes that
are triggered by these abnormal α-Syn forms may have similar pathways that lead to
comparable synaptic dysfunctions. There are still many important unanswered concerns
about its biochemical and biophysical function as well as the best way to target this protein
in order to stop or halt the progression of PD.

Aggregation of α-Syn and gradual loss of dopaminergic neurons are the neuropatho-
logical hallmarks of Parkinson’s disease. As one of the principal degradation mechanisms,
autophagy is essential for preserving efficient turnover of proteins and organelles, preserv-
ing cell homeostasis, and averting toxicity and cell death [14]. It has also been demonstrated
that α-Syn influences lysosomal and autophagic processes in the mitochondria [15]. Ac-
cording to recent research, autophagy processes may be impacted by additional variables,
such as APOE4 expression, which is implicated in various neurodegenerative disorders
and may also be connected to PD [16]. Blood cells and other tissues, as well as neurons
in the peripheral and central nervous systems, express a little acidic protein α-Syn [17].
Endogenous α-Syn has long been believed to be a naturally unfolded monomer; however,
it has been demonstrated to occur mostly as a folded tetramer with little to no amyloid-like
accumulation potential [18]. The two forms coexist, although pro-aggregating forms may
predominate if the tetramer/monomer ratio is out of balance. α-Syn is composed of three
primary areas, each of which is in charge of distinct biological characteristics [19]. The
positively charged N-terminus amino acid (residues 1 to 60) is rich in lysine residues and
distinguished by amphipathic repeats that frequently adopt a helical shape. This amino
acid segment is essential for α-Syn’s ability to bind to membranes [20]. The non-amyloid-
β-component (NAC), which is made up of residues 61 to 95 (central region), has been
found to be the most prone to aggregation. The negatively charged C-terminus, which is
represented by amino acid residues 96–140, is implicated in chaperone-like action and Ca2+

binding [21]. The abnormal β-sheet shape that α-syn takes on in Parkinson’s disease at-
tracts more monomers to create amyloid fibrils and oligomers. The inclusions are restricted
to either the neuron soma, known as LB, or axons, known as Lewy neurites [22].

Metal ions such as iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), and calcium (Ca)
play an indispensable role in brain development and metabolism. An imbalance of metal
ions is related to pathogenesis of neurodegenerative diseases. The brain’s high calcium
(Ca2+) content encourages the formation of worm-like fibrils in PD [23]. Although PD is
known to cause disruptions in brain iron homeostasis, it is yet unknown how iron and α-
Syn disease are related. PD, Alzheimer’s disease, and other neurodegenerative illnesses are
linked to brain iron imbalance [24,25]. It is well recognized that one of the primary causes
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of neuronal death in PD is iron dysregulation in the brain’s substantia nigra. Different iron
complexes build up in brain areas linked to cognitive and motor dysfunction as people age.
Labile iron concentrations may rise harmfully and cause oxidative damage and cell death
if they surpass the cellular iron storage capability [26]. Conformational transformation
of α-Syn from the helical form to β-sheet found in Lewy bodies can be catalyzed in vitro
by ferric iron [27]. In those with PD, redox-active iron builds up in Lewy bodies. In the
substantia nigra, elevated iron loading of ferritin is indicated by increases in iron and a
decrease in ferritin [28]. As observed in post-mortem PD brains, prolonged IRP activity
may be the source of reduced ferritin production via lowering ferritin synthesis [29].

The 5′-UTR of α-Syn RNA is organized and functionally significant, and its translation
is controlled by an IRE [30]. The relevance of α-Syn in Parkinson’s disease (PD) and
the existence of IRE mRNA within the 5′-UTR of the α-Syn gene both demonstrate the
role of iron in the pathogenesis of the disease. IRP binds to the IRE when iron levels
are low. IRP is bound by iron at high iron concentrations, which releases mRNA for
translation [31,32]. Thus, iron homeostasis depends on α-Syn levels, and a malfunction in
the IRE-mediated regulation system of α-Syn can lead to overexpression, a malfunction
in the regulation of iron storage, and, ultimately, iron-mediated oxidative stress, α-Syn
accumulation, dopaminergic neuronal death, and symptoms of PD. An approximately 30
nt stem loop known as the IRE, whose function in iron metabolism has been characterized,
is a tiny stem-loop structure within the 5′-UTR that influences mRNA translation. Since
the translation initiation complex attaches with the m7G cap structure of messenger RNA,
the IRE stem-loop structure is located in the range of fifty nucleotides. Its functionality
depends on this distance. The downstream cistron’s output is modulated by IRPs through
their binding to the IRE. IRE, found in the α-Syn 5′-UTR mRNA, has been demonstrated to
be involved in protein translation [33].

Moreover, iron controls the production of proteins with IRE sequence binding to
IRPs [32]. Iron-binding proteins have IRE domains that are similar to the α-Syn mRNA
transcript [34]. Consequently, α-Syn expression can be managed by the level of metal
ions in neurons. Interactions of IRE RNA lead to structural changes in the IRP domains.
These structural conformational alterations of IRE binding to IRP were confirmed using
crystallization, X-ray diffraction, and CD analysis [35–37]. Conformational alterations in
initiation factors binding to IRE RNA and the m7G cap structure were also shown by
comparable techniques [38,39]. The structural alterations that α-Syn IRE RNA binding
causes in IRP1 are unknown. Entropy and enthalpy promote the stability and strength of the
α-Syn IRE RNA·IRP1 complex, which helps to generate overall favorable free energy. This
requires an understanding of thermodynamics. In this work, we examine how temperature
and iron affect the balance of α-Syn IRE RNA binding to IRP1. Thermodynamic analyses
revealed that the presence of iron significantly altered the α-Syn IRE·IRP1 complex’s
free energy and enthalpy, indicating modifications in hydrogen bonding and general
conformational alterations during complex formation. To further understand the structural
changes in IRP1, the α-Syn IRE RNA interaction with IRP1 was examined using far-UV CD
analysis. The α-Syn IRE RNA·IRP1 complex’s ellipticity changed significantly in response
to iron.

2. Materials and Methods
2.1. Preparation of RNA and Protein

An IRE RNA oligonucleotide sequence for human α-Syn (5′-ACUGGGAGUGGCCAU
UCGACG ACAGUGUGGUGUAAAGGAAUUCAUUAGCC-3′) was procured from Metabion
International (AG, Planegg, Germany). In order to prevent degradation, RNA samples were
stored frozen at −80 ◦C. As previously mentioned [40], the RNA was folded by heating
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for 5 min in RNase-free buffer (20 mM HEPES, 0.1 mM EDTA (pH 7.2), 1 mM MgCl2, and
100 mM KCl) at 85 ◦C (melted and reannealed) and then gradually cooled down to room
temperature (30 min) [41]. The RNA concentration was determined by measuring the
absorbance at a wavelength of 260 nm, using the standard value (40 µg/mL) of RNA as 1.
α-Syn IRE RNA’s purity and lack of degradation were confirmed by the absorbance ratio,
which had an A260/280 nm of 1.9. Protein (IRP1) was obtained from OriGene (Rockville,
MD, USA). Bio-Rad protein assay reagent was used to determine protein concentration
following the Bradford procedure [42]. All RNA studies including RNA preparation were
conducted in water treated with diethylpyrocarbonate.

2.2. RNA Secondary Structure Predictions

To estimate their most stable folded RNA secondary structure in comparison to the
IRE RNA of ferritin (H and L), 50-nucleotide α-Syn IRE RNA 5′-UTR motifs utilized for
sequence alignments were selected. The way that RNAs fold into 2◦ and 3◦ structures
can be correctly predicted by a variety of innovative computing programs [43,44]. For
the structural models of RNA folding, we employed the α-Syn IRE RNA oligonucleotide (5′-
ACUGGGAGUGGCCAUUCGACGACAGUGUGGUGUAAAGGAAUUCAUUAGCC-3′).
The RNAFold Web Server predicts the folding of RNA structure [45,46]. Additional sec-
ondary structural models are necessary to determine how the amino acid interactions of
proteins with the α-Syn IRE RNA nucleotide affect their respective ability to bind to IRP1.

2.3. Fluorescence Spectroscopy Measurement

Fluorescence spectroscopy was described as a means of comprehending the α-Syn
IRE and IRP1 interaction using a quartz cuvette that has ten-millimeter pathlength. The
slits widths of excitation and emission were set at 5 nm. Excitation was carried out for
native protein IRP1 λex = 280 nm as a control, and IRP1 fluorescence spectra were recorded
in the wavelength λem range of 300–400 nm. To assess the fluorescence of IRP1 in the
presence and absence of α-Syn IRE RNA in a ratio of 1:4, we used free IRP1 and α-Syn IRE
RNA/IRP1 complexes. To conduct binding assays of the 50 nM IRP1 protein, increasing
quantities of the α-Syn IRE RNA (0.0–200 nM) were added to 20 mM HEPES (pH 7.4)
buffer, which contained 1 mM MgCl2 and 100 mM KCl. After passing through a 0.22 µm
filter, samples were cleared of any suspended material. As an indicator of protein–RNA
binding, fluorescence emission quenching of IRP1 was observed upon adding α-Syn IRE
RNA. The fluorescence was then monitored for 15 min after IRP1 protein was added to
α-Syn IRE RNA.

The experiment was conducted at ambient temperature. To maintain the constant
required temperature, samples were incubated for fifteen minutes. For all sample binding
studies, a thermocouple device within the cuvette was used to regulate the sample temper-
ature (∆T ± 0.1 ◦C). After adding α-Syn IRE RNA, changes in IRP1 fluorescence quenching
were computed using

∆F = (F0 − Ff)/F0

where F is the fluorescence quench seen in any sample. The fluorescence intensity of IRP1
protein alone (control) is denoted by F0, while the fluorescence quenching after adding α-
Syn IRE is denoted by Ff. Measured fluorescence intensities of the α-Syn IRE/IRP complex
were corrected by subtracting the fluorescence of α-Syn IRE RNA alone in buffer. The
complex’s binding affinity was determined using the corrected fluorescence. The maximum
dilutions were less than 5%, and measured fluorescence intensities were adjusted for inner
filter effects as needed. The equilibrium binding affinity (Ka = 1/Kd) was calculated using
the normalized fluorescence quench (F/Fmax) value. The fluorescence change for full IRP1
saturation with α-Syn IRE RNA is denoted by Fmax. Fmax was calculated by extrapolating
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to the ordinate the Y-intercept of a 1/F versus 1/[α-Syn IRE RNA] plot [37]. The average
value of three separate titration trials was provided for each equilibrium measurement.
Kd values were obtained using KaleidaGraph (version 2.1.3; Abelbeck Software, Reading,
PA, USA).

2.4. Determination of Binding Site

By using direct protein fluorescence titration assays, α-Syn IRE binding to IRP1 was
examined. IRP1 protein fluorescence quenching was achieved at 280/332 nm (excita-
tion/emission) by adding progressively more α-Syn IRE RNA in a 1:4 ratio. All solutions
(α-Syn IRE/IRP1 complex) were kept at ambient temperature for 15 min to perform this
test. When α-Syn IRE RNA was added, the fluorescence of the IRP1 protein was quenched,
and any changes in fluorescence intensity in comparison to a control sample were observed.
Untreated IRP1 fluorescence was 100%. At each α-Syn IRE RNA/IRP1 molar ratio (R), the
fractional quench (Q) was calculated. Data were fitted to an equation to calculate observed
fluorescence (F), [Q = F0 − F/m], where m is the maximum quench. Q and α-Syn IRE
RNA binding are linearly related: Q = [IRP1•α-Syn IRE RNA]/[IRP1]T. As previously
mentioned, the normalized fitted data were obtained using Scatchard plots [40] for analysis,
nKa − KaQ = Q/[C] = Q/[R − Q][IRP1]T, where n represents stoichiometry and C is the free
α-Syn IRE RNA concentration; [IRP]T is the total IRP concentration and R represents the
α-Syn IRE RNA to IRP1 molar ratio. Additionally, Q[α-Syn IRE RNA] versus Q plot slope
and intercept provide n (number of binding sites) and Ka using the Scatchard equation.
Fluorescence data fitting was also used to assess the binding constant between α-Syn IRE
RNA and IRP1 interaction, and the results are consistent with the Ka derived from the slope.

2.5. Effect of Fe2+ on α-Syn IRE RNA•IRP1 Complex

The aforementioned approach was used to further elucidate the influence of iron
on α-Syn IRE binding to IRP1. The same iron concentrations (Fe2+, anaerobic condition
−O2) were added to the α-Syn IRE RNA and IRP1 protein solutions. Before measuring
fluorescence, all the samples of free IRP1 and α-Syn IRE RNA/IRP1 complexes were kept
for 15 min in 20 mM HEPES buffer, (pH 7.2), 1 mM MgCl2, 100 mM KCl, and 5% glycerol at
room temperature. All incubations were anaerobic when Fe2+ was employed, as previously
mentioned [40]. The α-Syn IRE RNA concentration ranged from 0 to 200 nM, while the
IRP1 protein concentration was 50 nM. The nitrogen-purged 0.1M HCl solutions used to
dissolve FeSO4 and prevent oxidation were diluted to 1mM H+ in the case of Fe2+, and
then further diluted 1:100 into the solutions containing α-Syn IRE RNA or IRP1 protein.

2.6. Influence of Temperature on α-Syn IRE RNA·IRP1 Interaction

To investigate the temperature dependence of the α-Syn IRE interaction with IRP1,
both with and without iron, a 0.5 mL sample was kept at experimental temperature
for 15 min before use. As previously reported for the fluorescence titration above, this
assay was conducted using the same conventional experimental technique at six different
temperatures (278, 283, 288, 293, 298, and 303K). In all temperature-dependent binding
tests, the sample temperature was kept at ∆T ± 0.1 ◦C, using a temperature controller.

2.7. Thermostability Analysis of α-Syn IRE RNA Binding to IRP1

Temperature-dependent binding affinity tests were performed using fluorescence
spectroscopy in accordance with the previously reported standard approach to examine
the thermostability of the α-Syn IRE RNA·IRP1 interaction [47]. The contributions of
the interacting forces can be characterized by thermostability data of free energy (∆G),
enthalpy (∆H), and entropy (∆S) change between α-Syn IRE RNA and IRP1. Van’t Hoff
plots were constructed using temperature-dependent equilibrium constants to assess the
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thermostability between α-Syn IRE RNA and IRP1 in the presence or absence of iron.
Temperature-dependent changes in entropy and enthalpy were observed by Van’t Hoff’s
plot. Using Van’t Hoff’s isobaric equation, thermostability values were determined using a
temperature dependence binding constant (Ka) as follows:

ln Ka = − ∆H
R T

+
∆S
R

(1)

where T (in Kelvin) is the observed temperature and R (8.31 J mol−1 K−1) is the gas constant.
At 5, 10, 15, 20, 25, and 30 ◦C, respectively, Kd (Ka = 1/Kd) was measured. A plot of ln Ka

vs. 1/T provided values for −∆H/R and ∆S/R from the intercept and slope, respectively.
Changes in energy, entropy, and enthalpy all vary in tandem with each reaction. ∆G values
involved in the α-Syn IRE RNA·IRP1 interaction were obtained following Equation (2).

∆G = ∆H − T∆S and ∆G = −R T ln Ka (2)

2.8. Circular Dichroism (CD) Measurements

To observe the influence of α-Syn IRE RNA on the secondary structure of IRP1, far-UV
(190–260 nm) CD spectra were recorded in 1 mm pathlength cuvettes. CD spectra of protein
samples were obtained using a spectropolarimeter (Chirascan Plus, Photophysics Co.,
Surrey, UK). To maintain a constant temperature of 298 K throughout the experiment, we
used a temperature controller with continuous nitrogen circulation and a circulating water
bath. The instrument was calibrated with D-10-camphorsulphonic acid, in accordance with
the manufacturer’s instructions. CD spectra were acquired at a constant IRP1 concentration
(100 nM) with the addition of α-Syn IRE RNA at different concentrations (0–500 nM). CD
spectra were obtained at an α-Syn IRE RNA to IRP1 molar ratio of 5:1 at a constant IRP1
concentration of 100 nM with the incubation of each sample for 15 min.

The effects of Fe2+ (50 µM) on the structural changes in IRP1 protein with α-Syn IRE
RNA binding were seen in additional studies conducted under the identical conditions, as
previously mentioned. In order to eliminate any suspended debris, all samples were passed
through a filter prior to data collection. Every spectrum was obtained using a reaction
time of one second and rate of fifty nanometers per minute with a recording range of
190–260 nm, respectively. Each spectrum has an average of three scans, and noise reduction
was conducted prior to final CD spectra collection. The contributions from the reference
buffer alone and the α-Syn IRE RNA·IRP1 complex in buffer, if any, were deducted from the
corresponding spectra for each spectrum that was obtained. By removing a buffer–buffer
background scan from the first protein spectra, the resulting spectra were verified. The
SG filter was applied to all spectra with a bandwidth of 60. Every spectrum data set was
shown as θ (deg.cm2.dmol−1) mean residual ellipticity against wavelength (nm) data. The
CDNN program was used to calculate the change in far-UV CD spectra-implied secondary
structural alteration (α-helix, β-sheet, β-turn, and random coil) in the IRP1 sample in
the presence of varying concentrations of α-Syn IRE RNA. As previously mentioned, the
prediction algorithms were also used to determine secondary structures from the amino
acid sequence [48]. The percentage of protein α-helical composition was calculated using
the following relation:

%α− helix=
(

MRE222nm − 2340
30, 300

)
× 100 (3)

2.9. Statistical Analysis

This study was performed in at least three replicates, and all data were reported
in mean ± D. The two-tailed Student t-test was used to analyze differences. p < 0.05
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was considered to be statistically significant. All data analyses were performed using
KaleidaGraph Software (version 2.1.3, Abelbeck, PA, USA).

3. Result
3.1. Functional α-Synuclein IRE Is Encoded by 5′-UTR Transcript

Secondary structure and conserved sequences define the IRE [49,50]. RNA’s ability to
physically fit into protein molecules depends on its structural shape. For RNA to operate,
it must fold correctly into particular structures. The 5′-UTR transcripts of PD’s α-Syn
have been shown to possess a functional IRE-containing mRNA sequence [51]. The IRE, a
30 nt stem loop whose function in iron homeostasis has already been characterized, is the
most well-characterized 5′-UTR mRNA structure which influences eukaryotic translation.
Because the ribosomal pre-initiation complex attaches to this region and initiates protein
synthesis, the stem-loop structure of RNA is typically found in the range of fifty nucleotides
of the m7G cap structure, which is functionally significant. By attaching to the IRE, IRPs
control the downstream cistron’s translation. The untranslated region linked to neurological
disorders, including the amyloid precursor protein linked to AD and α-synuclein linked to
PD, contains a fully functional IRE, which our lab and others have discovered [37,52].

Figure 1 shows 5′-UTR maps in mRNA transcripts of ferritin (H and L) and α-Syn,
as well as detailed IRE stem-loop structures and sequences. Unlike ferritin (H and L), the
general IRE in Figure 1A displays particular IRE stem loops located in the 5′-UTR mRNA
transcripts associated with α-Syn. The 5′-UTR IRE structure of α-Syn is similar to IRE
structures, which regulates transferrin receptor (TfR) mRNA stability and Fe-dependent
ferritin (H and L) translation. The structure and sequence of individual rings of IREs are
substantially conserved in mammals. IREs are usually made up of a stem-loop element
and C-bulge separated apical loop motif from a lower stem [49,53–55]. All IRE RNA has
a short (9–10 bp) double-stranded helix with an unpaired C in the center that creates a
bulge. Different IRE mRNA sequence variations are relatively minor because all IREs use
the same terminal loop and C-bulge sequence to create the RNA A-helix. α-Syn 5′-UTR IRE
(50 nt) was used to predict the secondary structure of RNA. To obtain the RNA sequence in
dot-bracket format, the CentroidFold technique was utilized. The anticipated secondary
structure of α-Syn IRE RNA is displayed in Figure 1A. The RNA structure’s folding was
predicted using RNAFold WebServer. α-Syn IRE RNA’s secondary structure is predicted
mostly by hairpin loops and base-paired stems. A minimum of −6.40 kcal/mol was free
energy (∆G). Comparable to the 5′-UTR ferritin (H and L) IRE structure is the anticipated
secondary structure of α-Syn IRE RNA [41]. The mRNAs of ferritin (H and L) have a
canonical IRE, while α-Syn IRE RNA has an atypical 5′-UTR IRE.

Figure 1B displays the alignments of the 5′-UTR transcripts for α-Syn IRE RNA that
encode IRE RNA stem loops in comparison with ferritin (H and L) IRE RNA structure.
α-Syn IRE RNA 5′-UTR aligns with other 5′-UTRs that have an atypical or canonical IRE.
The conserved nucleotides in the CAGUGN motif and an unpaired bulge cytosine were
found to be highly similar to the α-Syn 5′-UTR IRE structure. It was hypothesized that, in
contrast to the standard IREs, the IRE structure found within α-Syn 5′-UTR RNA would fold
into a stem-loop structure. It has been reported that both the IRE structures, atypical and
canonical, interact with IRP1 [10,56]. The ferritin 5′-UTR is an example of this homology; it
encodes a region that is comparable to the IRE but different from the known α-Syn IRE [57].
A distinct 5′-UTR stem-loop structure of IRE variation, which attaches to IRP1, is encoded
by each mRNA. Alignments showed that ferritin (H and L) IRE RNA sequences and α-Syn
IRE RNA were more than 70% similar in this 5′-UTR region. The predicted AGU/AGA
tri-loops are essential for binding to IRPs and for the suppression of translation, and ferritin
5′-UTR IRE loop-domain CAGUGN is the main point of homology [56,58].
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Fe at higher quantities, all of the 5′-UTR IREs boost ferritin protein synthesis at high Fe 

Figure 1. Sequence specificity and RNA structure of IRP1 binding to the IRE motif in the α-synuclein
transcript 5′-untranslated region. (A) Using the RNAFold software (version 2.1.8), secondary struc-
tures of ferritin-H, ferritin-L, and α-Syn IRE RNA were compared. (B) Sequences encoding the
5′-UTR-specific IRE stem loops in ferritin-H, ferritin-L, and α-Syn IRE RNA were compared for
alignment. The CAGUGN terminal loops are bolded and highlighted in yellow because the sequences
encoding the canonical IRE RNA stem loops in the 5′-UTR of the ferritin-H and ferritin-L chains
are aligned to the α-Syn IRE. In bold and highlighted yellow letters, the super-conserved homology
between the ferritin-H, ferritin-L, and α-Syn IREs subunits is displayed. (C) IRE stem-loop maps of
the 5′-UTRs encoded by ferritin-H, ferritin-L, and α-Syn transcripts.

α-Syn 5′-UTR IRE maps of RNA structure in relation to ferritin (H and L) IRE structures
are shown in Figure 1C. Identifying the IRE inside the mRNA UTRs is essential. The length
of the IRE from the m7G cap mRNA structure and AUG start site may affect how well
5′-UTR is regulated [32]. These distances of IRE from the start codon and from the m7G cap
structure vary depending on the type of gene. On the other hand, sequence variants of IRE
in other mRNAs from the same species differ considerably more than ferritin mRNA. One
instance of a unique α-Syn 5′-UTR IRE is conserved across species [59]. The longer IRE RNA
sequences sometimes have extra base pairs in the stem below the C-bulge. Although the
IRE structure binds with an nM affinity to IRP and is influenced by Fe at higher quantities,
all of the 5′-UTR IREs boost ferritin protein synthesis at high Fe levels, impeding the
binding of ribosomes, whereas they inhibit translation at low Fe levels. We identified that
the APP 5′-UTR IRE RNA has a functional IRE structure that is comparable to ferritin
IRE mRNA [37]. A comparison of the regions of α-Syn 5′-UTR IRE and ferritin 5′-UTR
IRE is shown in Figure 1B. According to these alignments, 70% of the sequences between
ferritin-H and the APP IRE sequences were similar. To assess the whole activities of this
distinct iron-sensitive region in the α-Syn 5′-UTR IRE RNA, many independent transfection
experiments were conducted [34].

3.2. Iron Weakens α-Syn IRE RNA’s Affinity to IRP1

To identify the complex formation and determine different binding parameters for the
protein–RNA interaction, intrinsic fluorescence intensity can be reported when a complex
forms between proteins and RNA. By directly titrating α-Syn IRE RNA with a limited
IRP1 concentration, an interaction between α-Syn IRE and IRP1 was ascertained under
equilibrium circumstances. Fluorescence emission of the α-Syn IRE·IRP1 complex in the
absence and presence of Fe2+ revealed that α-Syn IRE RNA concentration-dependently
decreases the fluorescence intensity of IRP1 (Figure 2). The addition of Fe further decreases
the fluorescence intensity of the α-Syn IRE·IRP1 complex. The insertion of α-Syn IRE RNA



Biomolecules 2025, 15, 214 9 of 24

significantly reduced the fluorescence intensity of IRP1 protein. This difference resulted
from structural alterations, including the folding of the IRP1 protein molecule, induced by
α-Syn IRE RNA binding. Fluorescence quenching of IRP1 was observed when the α-Syn
IRE RNA concentration increased. The peak for the native IRP1 protein was located at
334 nm. On the other hand, IRP1 fluorescence clearly decreased as the quantity of α-Syn
IRE RNA increased, indicating the development of an α-Syn IRE RNA•IRP1 complex.
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Figure 2. The binding affinity of α-Syn RNA with IRP1 is influenced by iron. Direct fluorescence
titration of α-Syn RNA at 25 ◦C was used to measure the affinity of α-Syn IRE RNA for IRP1 protein.
Fluorescence intensity measurements of α-Syn RNA (—•—) and α-Syn RNA-Fe (—#—) binding
to IRP1. α-Syn RNA was incubated with IRP1 protein after being melted and annealed before each
titration. The excitation maximum for protein titration was 280 nm, whereas the emission maximum
was seen at 332 nm. Various amounts of α-Syn RNA were incubated with 50 nM IRP1 to prepare the
samples. The stem-loop oligonucleotide (5S RNA), which was employed as a negative control, was
not bound by IRP1. A matching Scatchard analysis of the titration data is shown in the inset. The
hypothesized curves fit the solid lines. The data are the average of three independent experiments
and the average value of the data is reported. Error bars indicate mean ± SD.

The normalized fluorescence intensity curve of α-Syn IRE·IRP1 and α-Syn IRE ·IRP1-
Fe2+ is displayed in Figure 2. The quantity of bound α-Syn IRE to IRP1 suggests the
development of a complex that was thought to be related to the amount of protein fluores-
cence quenching. Tryptophan, tyrosine, and phenylalanine were among the fluorescence
groups that were encapsulated, which resulted in fluorescence quenching. When α-Syn IRE
RNA binds to IRP1, the protein structure may be packed more tightly, or the aromatic amino
acids may be brought closer together. This may cause a spectrum shift in fluorescence emis-
sion by altering the electronic distribution in the fluorophores [60]. One of the main tools
for the quantitative study of fluorescence quenching is the Scatchard equation. It gives the
correlation between the quencher concentration and the protein fluorescence change with
and without a quencher. The binding constant and stoichiometry were calculated using
the Scatchard equation. IRP1 has a 1:1 stoichiometric titration for binding α-Syn IRE RNA,
which was used to determine each IRP1 preparation fractional activity for stoichiometric
titration. The RNA concentration was 15 times more than the apparent Kd, and the ratio of
IRE RNA:IRP1 fluctuated in range of about 4-fold.
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The Scatchard plot of α-Syn IRE RNA’s interaction with IRP1 is displayed in the inset
of Figure 2. The binding affinity (Ka) and stoichiometry (n) of α-Syn IRE·IRP1 binding were
determined from the slope and intercept, respectively, of Q versus Q/[α-Syn IRE] × 10−6.
When α-Syn IRE RNA interacted with IRP1, the binding affinity was 20.8 × 106 M−1. While
the n value for α-Syn IRE RNA/IRP1-Fe2+ was about 1.2, indicating slightly more than one
binding site per IRP1, the n value for α-Syn IRE RNA/IRP1 was found to be 1.1, suggesting
that there is approximately one binding site per IRP1 molecule for α-Syn IRE RNA.

In contrast to α-Syn IRE RNA/IRP1, the Ka value for α-Syn IRE RNA/IRP1-Fe2+

(6.4 × 106 M−1) was lower, indicating a decreased binding affinity of α-Syn IRE RNA
to IRP1 when iron is present. This can be the result of a less advantageous chemical
interaction or less accessible binding sites on IRP1. These variations in Ka and n values
between α-Syn IRE RNA and IRP1 demonstrate how Fe2+ affects how α-Syn IRE RNA
binds to IRP1. Non-linear analysis of the fluorescence data provided values for binding
affinity (Kd = 47.6 ± 1.7 nM) in good agreement with the Kd value for α-Syn IRE·IRP1
binding, as obtained using Scatchard plots. The equilibrium constants for α-Syn IRE·IRP1
interactions were reported in Kd (Ka = 1/Kd).

In order to better examine how iron affects the stem-loop structure of α-Syn IRE RNA
with regard to its binding affinity with IRP1, both were incubated anaerobically (−O2) with
50 µM of Fe2+ added. Concentration-dependent decreases in the fluorescence intensity of
native IRP1 were observed at emission λem = 332 nm (λex = 280 nm) with the addition of
a-Syn RNA in the presence of Fe2+. The fluorescence intensity curves of α-Syn IRE·IRP1 and
α-Syn IRE·IRP1-Fe2+ were substantially different, as seen in Figure 2. When iron was added
to the α-Syn IRE RNA•IRP1 complex, the normalized fluorescence curve was considerably
reduced. This discrepancy developed because the α-Syn IRE RNA•IRP1 complex became
unstable due to structural alterations brought on by iron binding. When iron was added,
α-Syn IRE RNA binding to IRP1 was decreased approximately 3.3 times at 25 ◦C (α-Syn
IRE RNA•IRP1-Fe2+, Kd = 157 ± 7.7 nM; α-Syn IRE RNA•IRP1, Kd = 47.6 ± 1.7 nM)
(Table 1). However, under the same experimental conditions, IRP1 did not bind 5S RNA (a
negative control), a 30 nt stem-loop structure. This suggests that α-Syn IRE RNA specifically
recognizes IRP1 binding pockets, as observed previously for ferritin IRE and APP IRE
RNA [37,40]. These findings offer quantifiable evidence in favor of the stem-loop α-Syn
IRE RNA structure’s particular binding affinity for IRP1. APP and ferritin IRE RNA/IRP1
complexes are among the other IRE RNAs that have been shown to be destabilized by
iron [40].

Table 1. Temperature-dependent dissociation constants (Kd) of α-synuclein IRE RNA interaction
with IRP1 in the absence and presence of iron.

Complex Kd (nM)

5 ◦C 10 ◦C 15 ◦C 20 ◦C 25 ◦C 30 ◦C

α-Syn IRE·IRP1 13.5 ± 0.6 21.9 ± 0.8 27.8 ± 1.2 38.9 ± 1.5 47.6 ± 1.7 63.8 ± 3.2
α-Syn IRE·IRP1-Fe2+ 29.6 ± 1.5 54.4 ± 2.6 88.7 ± 3.8 123.6 ± 6.3 157 ± 7.7 198.7 ± 7.4

3.3. Therma Stability Characterization of α-Syn IRE RNA•IRP1

The mechanism of quenching in an α-Syn IRE RNA•IRP1 interaction can be inferred
from its temperature dependence. Samples of α-Syn IRE RNA•IRP1 were heated to
temperatures ranging from 5 to 30 ◦C in order to provide insight into how thermal treatment
affects the structure of the protein and RNA complex. For this reason, several temperatures
were considered in research involving the quenching of fluorescence. The temperature-
dependent fluorescence intensity measurement curves of α-Syn IRE·IRP1 binding at 5 ◦C
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and 30 ◦C, both with and without iron (50 µM), were evaluated by analyzing the data in
Figures 3 and 4 and are summarized (Kd) at various temperatures in Table 1. It is evident
that a higher Kd value was seen as the temperature rose, and this kind of temperature-
dependent Kd change suggests that α-Syn IRE RNA and IRP1 formed a dynamic complex.
Kd rises as temperature rises, suggesting that the α-Syn IRE RNA•IRP1 interface has a
dynamic mode of interaction. The results of fluorescence investigations conducted at
various temperatures showed that, in the absence of iron, the Kd rose with temperature,
rising from 5 ◦C (Kd = 13.5 ± 0.6 nM) to 30 ◦C (Kd = 63.8 ± 3.2 nM). The α-Syn IRE
RNA/IRP1 complex is stabilized at lower temperatures.

Biomolecules 2025, 15, x FOR PEER REVIEW 11 of 24 
 

RNA/IRP1 complexes are among the other IRE RNAs that have been shown to be desta-
bilized by iron [40]. 

Table 1. Temperature-dependent dissociation constants (Kd) of α-synuclein IRE RNA interaction 
with IRP1 in the absence and presence of iron. 

Complex   Kd (nM)    
 5 °C 10 °C 15 °C 20 °C 25 °C 30 °C 

α-Syn IRE·IRP1 13.5 ± 0.6 21.9 ± 0.8 27.8 ± 1.2 38.9 ± 1.5 47.6 ± 1.7 63.8 ± 3.2 
α-Syn IRE·IRP1-Fe2+ 29.6 ± 1.5 54.4 ± 2.6 88.7 ± 3.8 123.6 ± 6.3 157 ± 7.7 198.7 ± 7.4 

3.3. Therma Stability Characterization of α-Syn IRE RNA•IRP1 

The mechanism of quenching in an α-Syn IRE RNA•IRP1 interaction can be inferred 
from its temperature dependence. Samples of α-Syn IRE RNA•IRP1 were heated to tem-
peratures ranging from 5 to 30 °C in order to provide insight into how thermal treatment 
affects the structure of the protein and RNA complex. For this reason, several tempera-
tures were considered in research involving the quenching of fluorescence. The tempera-
ture-dependent fluorescence intensity measurement curves of α-Syn IRE·IRP1 binding at 
5 °C and 30 °C, both with and without iron (50 µM), were evaluated by analyzing the data 
in Figure 3 and 4 and are summarized (Kd) at various temperatures in Table 1. It is evident 
that a higher Kd value was seen as the temperature rose, and this kind of temperature-
dependent Kd change suggests that α-Syn IRE RNA and IRP1 formed a dynamic complex. 
Kd rises as temperature rises, suggesting that the α-Syn IRE RNA•IRP1 interface has a 
dynamic mode of interaction. The results of fluorescence investigations conducted at var-
ious temperatures showed that, in the absence of iron, the Kd rose with temperature, rising 
from 5 °C (Kd = 13.5 ± 0.6 nM) to 30 °C (Kd = 63.8 ± 3.2 nM). The α-Syn IRE RNA/IRP1 
complex is stabilized at lower temperatures. 

 

Figure 3. A representative plot of the temperature-dependent binding of α-Syn IRE RNA to IRP1. 
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Figure 3. A representative plot of the temperature-dependent binding of α-Syn IRE RNA to IRP1.
α-Syn RNA was incubated with IRP1 protein after being melted and annealed before each titration.
IRP1 protein (50 nM) was treated with different amounts of α-Syn RNA at 5 ◦C (—•—) and 30 ◦C
(—#—). The wavelengths for excitation and emission were 280 and 332 nm, respectively. Curves
are fitted to the solid lines. Three separate experiments were averaged to produce the data, and the
average value of the data is provided. Mean ± SD is displayed in the data.

The Kd value of the α-Syn IRE RNA·IRP1 binding at 30 ◦C was greater than that at
5 ◦C, according to fluorescence quenching data analysis (Table 1). The Kd value of the α-Syn
IRE RNA·IRP1-Fe2+ complex rose from 29.6 ± 1.5 nM to 198.7 ± 7.4 nM when temperature
increased (5 ◦C to 30 ◦C). Within the temperature range under investigation, the Kd values
of α-Syn IRE RNA/IRP1 rose with the addition of Fe2+ (50 µM). According to the binding
data, α-Syn IRE·IRP1 binding with addition of iron had a consistently decreased binding
affinity compared to α-Syn IRE RNA/IRP1 at all five temperatures (Figure 5). Since it
provides information regarding α-Syn IRE RNA•IRP1’s effective mode of interaction, the
temperature-dependent binding constant was considered. The fact that the Kd rises with
temperature was clearly visible, suggesting a dynamic manner of interaction for this activity.
At all temperatures considered, binding stoichiometry (n) was close to one.
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Figure 4. A representative plot of the temperature-dependent binding of α-Syn IRE RNA to IRP1
when iron is present. Before every titration, α-Syn RNA was melted, annealed, and incubated with
IRP1 protein. The 50 nM IRP1 protein was treated with different α-Syn RNA concentrations and
50 µM Fe2+ at 5 ◦C (—•—) and 30 ◦C (—#—). The wavelengths for excitation and emission were
280 and 332 nm, respectively. Curves are fitted to the solid lines. Three separate trials were used
to calculate the average value of the data, which is then published. The displayed data are the
mean ± SD.

Biomolecules 2025, 15, x FOR PEER REVIEW 13 of 24 
 

 

Figure 5. Comparing the binding affinities of IRP1 and α-Syn RNA at different temperatures with 
and without 50 µM Fe2+. Three separate time averages are used as the data, and the standard devi-
ation is used to calculate the error as mean ± SD. Differences were calculated using a two-tailed 
Student t-test, with significant differences from Syn IRE/IRP1 with added Fe2+ (*, p < 0.05) at different 
temperatures. 

3.4. Thermodynamic Characteristics of α-Syn IRE RNA Binding to IRP1 

The thermodynamic properties of static complex formation were investigated to fur-
ther understand the mechanism involved in the α-Syn IRE RNA•IRP1 interaction. The α-
Syn IRE·IRP1 complex’s stability was assessed using thermodynamic parameters. We ex-
plored the thermodynamics of α-Syn IRE·IRP1 binding by estimating Kd at different tem-
peratures, which helped us determine the nature of the forces responsible for complex 
formation in the absence and presence of Fe2+. Linear analysis of Van ’t Hoff plots was 
performed using a graph with 1/T on the x-axis and lnKeq values on the y-axis (Figure 6A). 

Figure 5. Comparing the binding affinities of IRP1 and α-Syn RNA at different temperatures with and
without 50 µM Fe2+. Three separate time averages are used as the data, and the standard deviation is
used to calculate the error as mean ± SD. Differences were calculated using a two-tailed Student t-test,
with significant differences from Syn IRE/IRP1 with added Fe2+ (*, p < 0.05) at different temperatures.
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3.4. Thermodynamic Characteristics of α-Syn IRE RNA Binding to IRP1

The thermodynamic properties of static complex formation were investigated to
further understand the mechanism involved in the α-Syn IRE RNA•IRP1 interaction. The
α-Syn IRE·IRP1 complex’s stability was assessed using thermodynamic parameters. We
explored the thermodynamics of α-Syn IRE·IRP1 binding by estimating Kd at different
temperatures, which helped us determine the nature of the forces responsible for complex
formation in the absence and presence of Fe2+. Linear analysis of Van’t Hoff plots was
performed using a graph with 1/T on the x-axis and lnKeq values on the y-axis (Figure 6A).
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Figure 6. Iron-induced thermodynamics of α-Syn RNA binding to IRP1. (A) The stability of the α-Syn
RNA/IRP1 (—•—) and α-Syn RNA/IRP1-Fe2+ (—#—) complex is influenced by iron. The slope and
intercept of the temperature-dependent Van’t Hoff plot were used to compute the thermodynamic
parameters (∆H and ∆S). The thermodynamic characteristics of the binding of α-Syn RNA to IRP1
are shown in (B). In the bar plot, ∆G, ∆H, and entropy’s contributions to the free energy (−T∆S)
of the binding of α-Syn RNA to IRP1 are shown. The average value of the data is presented, and
the data are the average of three separate tests. The shown data are mean ± SD. Differences were
calculated using 2-tailed Student’s t-test (* p < 0.05; ** p < 0.01).
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Linear analysis of the Van’t Hoff plot provided values for ∆G, ∆H, and ∆S, which
makes use of the experimental temperature (T), the gas constant (R), and the computed Ka

values in Table 1. The Van’t Hoff plot’s slope yields ∆H, while its intercept yields ∆S. Table 2
and Figure 6B show ∆G, ∆H, and T∆S values that were subsequently estimated from the
equation. The thermodynamic data analysis showed that the interactions are enthalpically
driven and favored by conformational entropy, with a positive ∆S (7.0 ± 0.4 J/mol/K) and
a high negative ∆H (−42.2 ± 2.3 kJ/mol) [47]. The thermodynamic properties of α-Syn
IRE·IRP1 and α-Syn IRE·IRP1-Fe2+ are compared in Table 2. The ∆H and ∆S of binding
for the α-Syn IRE RNA/IRP1 are considerably altered by the addition of iron, reaching
−53.0 ± 4.6 kJ/mol and 48.0 ± 2.7 kJ/mol, respectively. Additionally, negative ∆H (<0)
and positive T∆S (>0) demonstrated that the involvement of hydrogen bonds as well as van
der Waals interactions may be important in stabilizing the α-Syn IRE RNA·IRP1 complex.
According to previous research, the dominant noncovalent forces in protein binding to
ligands can be linked to the magnitude and sign of the individual or combined values of
enthalpy and entropy. According to the thermodynamic values shown in Table 2, α-Syn
IRE RNA and IRP1 spontaneously connect through dominant hydrogen bonding and van
der Waals forces.

Table 2. Fe2+ changes the thermodynamic parameters, enthalpy (∆H), entropy (∆S), and Gibb’s free
energy (∆G), of the α-synuclein IRE RNA binding to IRP1.

Complex ∆H
(kJ/mol)

∆S
(J/mol/K)

∆G
(kJ/mol) T∆S/∆G (%)

α-Syn IRE·IRP1 −42.2 ± 2.3 7.0 ± 0.4 −43.7 ± 2.7 4.8
α-Syn IRE·IRP1-Fe2+ −53.0 ± 4.6 48.0 ± 2.7 −36.3 ± 2.1 39.4

The thermodynamic measure of the spontaneity of a binding reaction is the Gibbs
free energy change (∆G). A negative ∆G value suggests that, in normal circumstances,
α-Syn IRE·IRP1 complex formation occurs spontaneously. The thermodynamic parameters
of α-Syn IRE RNA binding to IRP1 with or without iron are displayed in Figure 6B. The
variables from Table 2 and Equation 2 were used to estimate value of ∆G at 25 ◦C. The
computed value of ∆G was −43.7 ± 2.7 kJ/mol and −36.3 ± 2.1 kJ/mol for the α-Syn
IRE·IRP1 and α-Syn IRE·IRP1-Fe2+. The greater spontaneous binding affinity of α-Syn
IRE RNA’s interaction with IRP1 in relation with iron is indicated by the more negative
∆G for α-Syn IRE RNA·IRP1 as opposed to α-Syn IRE RNA·IRP1-Fe2+. This might be
because of a more advantageous molecular connection, which is less noticeable when iron
is present. The structural and environmental differences between α-Syn IRE RNA/IRP1 and
α-Syn IRE RNA/IRP1-Fe2+ can account for the variation in ∆G values between these two
samples. In contrast to the absence of iron, Fe2+ may provide a distinct microenvironment
or steric barrier that influences the interaction between α-Syn IRE RNA and IRP1, leading
to a less negative ∆G. Because they shed light on the binding process’ energetics and
aid in comprehending the molecular interactions underlying the fluorescence quenching
mechanism, these findings are noteworthy. For applications where it is important to
determine how well medicinal drugs connect to their targets, the spontaneity of the binding
process is essential.

3.5. Conformational Alteration of IRP1 upon Binding to α-Syn IRE RNA

Far-UV CD provides crucial information regarding protein conformation features at
the secondary structural level. The effects of α-Syn IRE on the conformation and secondary
structure of IRP1 were investigated. Protein secondary structural changes are reflected
in changes in the protein’s far UV-CD spectra. In this work, we first looked at the CD
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spectrum of the native IRP1 protein by itself. We investigated the structural changes that
IRP1 underwent when it bound to α-Syn IRE RNA. Figure 7A shows the far-UV CD spectra
of free IRP1 (100 nM) and the α-Syn IRE·IRP1 complex with varying α-Syn IRE RNA
(0–500 nM) concentrations. The presence of an α-helical conformation is indicated by the
far-UV CD of free IRP1, which shows strong minima at 208 nm and exhibits a modest
peak at 218 nm that is indicative of the protein’s β-sheet conformation. The natural IRP1
CD spectra are shown in Figure 7A, exhibiting a peak at about 208 nm that is typical of
an α-helix. Therefore, it is evident from this peak at about 208 nm that IRP1 is a protein
rich in α-helices. Protein conformation alterations at the secondary structure level (α-helix,
α-sheet, α-turn, and random coil) have been examined with the help of the far-UV CD
measurements [61,62].
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Figure 7. Far-UV CD spectra of the IRP1 protein after adding different amounts of α-Syn RNA. The
IRP1 protein’s ellipticity is considerably altered by the addition of α-Syn RNA. (A) The far-UV CD
spectra for IRP1 (100 nM) with different amounts of α-Syn RNA (0–500 nM). Panel (B) displays a bar
plot that compares the CD spectral minimal MRE208nm value. The data are the average outcome of
three separate experiments. A two-tailed Student t-test was used to calculate differences (* p < 0.05;
** p < 0.01). Error bars indicate SD.
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The CD spectra of IRP1•α-Syn IRE RNA and free IRP1 are shown in Figure 7, which
indicates that α-Syn IRE RNA causes secondary alterations in IRP1; a change in band
intensity is evident, but there is no discernible peak shift. This upward movement of the
CD spectra of IRP1 caused by α-Syn IRE RNA indicates that binding of α-Syn IRE induces
secondary structural alteration. It is evident from the CD analysis that free IRP1 and bound
IRP1·α-Syn IRE RNA differ structurally. The insertion of α-Syn IRE RNA significantly
affects IRP1’s structure. After binding to the α-Syn IRE RNA, the ellipticity value of IRP1
changes in the far-UV CD spectra, indicating a reduction in α-helices and enhancements
in the β-sheet conformation. The band intensity without a discernible shift in IRP1 peak
location suggests that secondary structural alterations are induced by α-Syn IRE RNA
binding. When α-Syn IRE RNA is added, IRP1’s ellipticity increases, which suggests that
the secondary structure is being lost. The percent MRE208 changes in free IRP1 and the
α-Syn IRE·IRP1 complex are displayed in Figure 7B.

Far-UV CD spectra were used to further examine the impact of iron on the secondary
structure of IRP1 binding to α-Syn IRE RNA. Circular dichroism and fluorescence spec-
troscopy, as illustrated in Figure 8A, are in agreement with the binding results; the intensity
of IRP1 further dropped with the addition of Fe2+. Characteristics of an alpha helix were
visible on one significant negative peak at around 208 nm curves of the IRP1·α-Syn IRE
RNA CD spectra treated with Fe2+. The band intensity of IRP1 steadily declined as the
concentration of α-Syn IRE RNA increased in the presence of iron. In line with this, the
IRP1 β-sheet content rose while the α-helix content steadily declined.

Bar plots demonstrating the effect of Fe2+ on the ellipticity changes at 208 nm of IRP1’s
interaction with α-Syn IRE are displayed in Figure 8B. These findings demonstrated that,
in the presence of Fe2+, IRP1 displayed more structural modification with α-Syn IRE RNA.
According to these findings, the IRP1•α-Syn IRE RNA complex’s secondary structure
composition changed significantly more when Fe2+ was added. As previously mentioned,
the secondary structural contents were estimated [48,63,64]. Following α-Syn IRE RNA
treatment at 500 nM, IRP1’s secondary structure contents directly dropped by 50% of its
α-helix content. When α-syn IRE RNA was added, we saw a drop in the α-helicity values
of IRP1. These modifications to the secondary structure show how the insertion of α-Syn
IRE RNA causes specific structural alterations in IRP1. In contrast, the addition of 500 nM
α-Syn IRE RNA and 50 µM Fe2+ caused a direct 70% drop in IRP1 structural contents.
α-Syn IRE RNA binding to IRP1 underwent a significant structural change due to iron.
When iron was added, we saw a loss of α-helicity in the α-Syn IRE RNA/IRP1 complex.
These secondary structure alterations show that the complex changes structurally as a
result of the iron addition. Given this significant structural alteration, it is possible that this
conformational shift has a regulatory function and that α-Syn IRE RNA interacts with IRP1
through an α-helix.
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Figure 8. The CD spectra of IRP1 binding to α-Syn RNA are influenced by iron. The ellipticity of the
α-Syn RNA/IRP1 complex is considerably altered by the addition of iron (50 µM). (A) The far-UV CD
spectra for IRP1 (100 nM) with α-Syn RNA (0–500 nM) in the presence of iron. (B) Bar plot of α-Syn
RNA/IRP1-Fe2+ versus CD spectrum minimal MRE208nm value. The data are the mean result of
three different experiments. Differences were calculated using a two-tailed Student t-test (* p < 0.05;
** p < 0.01; *** p < 0.001). SD is indicated by error bars.

4. Discussion
α-Syn IRE RNA in its 5′-UTR binding to IRP1 was examined through biophysical

experiments. It has been shown that IREs of ferritin and APP interact significantly with
IRP1, and that iron destabilizes this complex [37,40]. In order to control α-Syn translation
regulated by IRE in the 5′-UTR, accounting for the iron-dependent translational control,
we extended the restrictions of similar IREs in the 5′-UTR in its encoding mRNA by using
prior information of ferritin and APP RNA binding to IRP1. When compared to when iron
was not added, α-Syn IRE RNA’s affinity to IRP1 was reduced about 3.3 times. The affinity
of iron, on the other hand, was reduced by about 17 times for ferritin and 3.5 times for
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APP RNA for IRP1 [37,40]. The equilibrium stability of α-Syn IRE RNA is approximately
14 times greater than that of ferritin IRE RNA when iron is present. While the binding
affinities of APP IRE RNA and α-Syn IRE RNA to IRP1 are similar, ferritin IRE RNA has a
far tighter binding constant, even when iron is absent, than either of these RNAs.

Both complexes contain identical IRPs, and the only difference is that the 5′-UTR IRE
structures of ferritin and α-Syn are reflected in the difference in stability of the IRE·IRP1
seen here. The differences in the binding of IRP1 and IRP2 to IREs on the 5′-UTR and
3′-UTR in vitro and the several-fold differential mRNA expression are then at least partially
explained by IRE RNA structural variations [41]. Given that ancient ferritin IREs in the 5′-
UTR and α-Syn 5′-UTR IRE RNA evolved more recently [30,65], the smaller iron response
and reduced α-Syn IRE RNA·IRP1 stability may be a result of the IRE RNA’s shorter
evolutionary fine-tuning time. Nonetheless, the physiological role of each encoded protein
may also be reflected in the distinct iron reactions of the two IRE RNAs. For instance,
significant variations in α-synuclein synthesis may be harmful to oxidative metabolism in
cells, which could account for the comparatively few synthesis modifications brought on
by iron. On the other hand, ferritin mRNA translation enables cells to react to significant
changes in iron through significant changes in ferritin production [66].

α-Syn IRE RNA and IRP1 formed a complex, as demonstrated by fluorescence ex-
periments. Fe2+ destabilizes complexes of α-Syn IRE RNA and IRP1. α-Syn IRE•IRP1’s
stability is affected by Fe2+, which suggests that the complex can detect changes in labile
Fe2+ concentrations that lead to weakened RNA•IRP1 connections. IRP1 mediates the
increase in 5′-UTR IRE-dependent translation in response to changes in cellular iron [67].
The possible binding forces between different proteins and ligands have been found in
numerous studies using thermodynamic characteristics [68]. Our earlier findings of the
5′-UTR IRE structure of APP and ferritin binding to IRP1 have provided insight into the
mechanism of their interaction [47].

Interestingly, adding iron caused a considerable change in the ∆G value of the α-Syn
IRE RNA•IRP1 complex. α-Syn IRE RNA’s interaction with IRP1 is thermodynamically
favored by negative ∆G values. The interaction between α-Syn IRE RNA and IRP1 is
beneficial both entropically (4.8%) and enthalpically (96.5%), with a 92% greater enthalpic
contribution to ∆G at 25 ◦C. When iron was added, α-Syn IRE RNA binding to IRP1 had an
entropic contribution of 39.4% and an enthalpic contribution of 146%. When iron is present,
the enthalpic contribution of α-Syn IRE RNA•IRP1 to ∆G is higher than that of α-Syn IRE
RNA associated with IRP1 alone. The thermodynamic parameters’ sign and magnitude
influenced the involvement of the protein–RNA bonding forces [68,69]. Furthermore, a
substantial negative ∆H indicates that the dominating forces responsible for α-Syn IRE
RNA•IRP1 complex formation are hydrogen bonding and van der Waals interaction [68,70].
However, α-Syn IRE RNA•IRP1 complexes with and without iron showed a high T∆S
value, indicating the presence of hydrophobic contacts. Thus, these findings further suggest
that the α-Syn IRE RNA•IRP1 complex’s stability involves the potential binding forces of
hydrogen bonds as well as van der Waals-driven interactions.

∆G results for the involvement of hydrogen bonding in α-Syn IRE RNA•IRP1 further
corroborated our enthalpic results. Fe2+ reduced the binding affinity by 3.3 times and the
binding free energy to roughly −7.4 kJ/mol for α-Syn IRE RNA binding to IRP1. The
∆G of roughly 5–6 kJ/mol, which is the standard of a hydrogen bond produced between
various RNA–protein interactions, is represented by this difference [71]. Iron may cause
conformational changes in α-Syn IRE RNA•IRP1 interactions through altering the amount
of hydrogen bonding, which destabilizes the complex, according to the ∆G of complex
formation. These findings suggest that iron causes a conformational shift in the α-Syn IRE
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RNA/IRP1 complex, which results in reduced hydrophobic interactions and hydrogen
bonding, perhaps reducing binding selectivity.

The α-Syn IRE RNA·IRP1 complex’s selective conformational alterations brought on
by iron highlight how sensitive the RNA–protein structure–function link is to its surround-
ings. Similarly to ferritin and APP IRE RNA binding to IRP1, the α-Syn IRE RNA·IRP1
complex is destabilized by Fe2+ due to structural alterations in IRP1 following the α-Syn
IRE RNA interaction [37,39]. These α-Syn IRE·IRP1 conformational changes can also be
thermodynamically regulated, as has been documented for other RNA–protein interac-
tions [72]. In addition to enabling ribosomal–initiation complex interaction and enhanced
expression of α-Syn 5′-UTR IRE mRNA transcripts, the conformational shift facilitates
IRP1’s dissociation from the α-Syn IRE RNA·IRP1 complex. The binding of ligands leads
to structural changes in proteins, one of the most important methods for examining confor-
mational changes in proteins [73]. To assess random coils, beta sheets, and alpha helices,
CD spectra studies were conducted. The findings demonstrated that IRP1 is an α-helix-rich
protein, as seen by its distinctive peaks at 208 nm. IRP1’s UV CD spectrum shifts when
α-Syn IRE RNA is added, indicating that RNA causes structural changes in IRP1. It is
obvious that iron plays a significant role in the α-helix loss of the IRP1 structure because it
also causes structural alterations in the α-Syn IRE RNA-IRP1 complex of the CD spectra.
The secondary structure could affect the stiff and flexible structures of proteins through the
creation of hydrogen bonds [74].

According to CD analysis results, most of the IRP1 could still retain structural integrity
at 500 nM of α-Syn IRE RNA and 50 µM of Fe2+ or less, but the secondary protein structures
were drastically altered. The thermodynamic results indicated that the complex’s structure
was altered by variations in the forces involved in the interaction between α-Syn IRE RNA
and IRP1, as evidenced by changes in free energy and enthalpy with the addition of iron.
Although IRP1 underwent secondary structural modifications, it essentially stayed in its
folded shape, which is in line with the findings of thermodynamic and CD studies. All
of these results support the idea that iron caused structural alterations in the α-Syn IRE
RNA/IRP1 complex, which were probably caused by variations in the quantity of salt
bridges and hydrogen bonds.

Figure 9 illustrates how Fe2+ metabolites affect α-Syn IRE mRNA/IRP1-regulated
protein synthesis in a model of α-Syn IRE mRNA riboregulatory function. Iron-regulated
neurotoxic α-synuclein protein production is modeled to reflect the physiological iron
signal in α-Syn mRNA translation. Adequately raising cellular iron levels reduces α-
Syn IRE RNA/IRP1 association, ribosomal assembly, and initiation factor binding, while
promoting α-Syn mRNA translation. Conversely, IRP1 binds with α-Syn IRE RNA well
at low cellular iron levels, blocking ribosome and initiation factor binding to regulate the
production of neurotoxic proteins. IRP1’s separation from α-Syn IRE RNA is promoted by
iron binding, which also alters the structure of the α-Syn RNA/IRP1 complex. By promoting
the overproduction of the neurotoxic α-synuclein, this complex helps Parkinson’s disease
progress through protein aggregation. α-Syn IRE RNA also contributes to iron regulation
in the brain, as evidenced by the fact that the equilibrium binding of both IRE RNAs (α-Syn
IRE RNA versus ferritin IRE RNA) is comparable for IRP1 binding. We have previously
demonstrated that iron promotes IRP1 release from the ferritin IRE/IRP1 interaction,
enabling ribosome interaction. As a result, ferritin mRNA translation is improved [40,67,75].
Elevated iron levels have been found in the central nervous systems of PD patients [76]. By
altering its structure, iron overload decreases the binding affinity of IRE RNA/IRP1. This,
in turn, enhances translation initiation factors and/or ribosomal binding affinity, which in
turn enhances the translation of α-synuclein mRNA.
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Figure 9. A proposed model for the translational regulation of the α-Syn IRE RNA that is dependent
on iron. IRP1 binds to the 5′-UTR of α-Syn IRE RNA more readily when cellular iron levels are
low. This binding prevents ribosome contact, which prevents the translation of α-synuclein. IRP1
separates from the α-Syn RNA stem-loop structure at high cellular iron levels, enabling ribosome
and initiation factors to bind and enhancing α-Syn RNA translation.

5. Conclusions
The molecular characteristics of α-Syn IRE RNA-IRP1 binding were revealed by the

use of CD and fluorescence spectroscopy in conjunction with RNA structural studies.
The molecular complex of α-Syn IRE RNA and IRP1 must be optimized by considering
a number of factors, such as fluorescence spectra, binding constants, binding locations,
Gibb’s free energy, and structural alterations. α-syn IRE RNA’s binding affinity with IRP1
was demonstrated by the fluorescence analysis (Ka = 21 × 10−6 M−1), underscoring the
strength of the association. Iron significantly reduces the affinity of α-syn IRE RNA/IRP1.
Furthermore, the Van’t Hoff equation provided us with a negative ∆G value, indicating
that the reaction was thermodynamically advantageous and spontaneous. Using the
thermodynamics of α-Syn IRE RNA with IRP1, data revealed that the primary interactions
between RNA and proteins are hydrogen bonding as well as van der Waal’s interactions.
When α-Syn IRE RNA was present, IRP1 far-UV CD spectra moved upward, indicating that
the IRP1•α-Syn IRE RNA complex was formed. Fluorescence binding and thermostability
results show that α-Syn IRE RNA binds to IRP1 with a high binding energy and forms
many tight contacts with important residues using different bonding forces.

In conclusion, this study illustrates how α-Syn IRE RNA binds to IRP1. This is the
first study of its sort to examine the interaction mechanism between the therapeutically
relevant α-Syn mRNA and IRP1 protein, a key player in PD. Knowing the mechanism
of interaction between α-Syn IRE RNA and IRP1 will help us to understand forces that
cause this connection and the specifics of how iron causes the α-Syn IRE RNA•IRP1
complex to become unstable. This study provides insights into the binding mechanism
of α-Syn IRE RNA with IRP1 and can be very helpful for treating Parkinson’s disease
by controlling the α-synuclein mRNA translation. Further investigation into the distinct
structural characteristics and functional implications of α-Syn IRE RNA with translation
initiation factors may clarify their biological relevance and their uses in targeting the iron
response element to regulate α-Syn translation.
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