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ABSTRACT: Neuroinflammation plays a vital role in Alzheimer’s disease (AD) pathogenesis and
other neurodegenerative disorders (NDs). Presently, only symptomatic treatments are available and no
disease-modifying drugs are available for AD and other NDs. Thus, targeting AD-associated
neuroinflammation with anti-inflammatory compounds and antioxidants has recently been given
much focus. Now, flavonoids are being increasingly investigated as therapeutic agents to treat
inflammation; apigenin has a neuroprotective effect. Iron dyshomeostasis plays a key role in sustaining
the neuroinflammatory phenotype, highlighting the importance of maintaining iron balance, in which
human transferrin (HTF) plays a vital role in this aspect. Herein, we explored the binding and dynamics
of the HTF−apigenin complex using multifaceted computational and experimental approaches.
Molecular docking revealed that apigenin occupies the iron-binding pocket of HTF, forming hydrogen
bonds with critical residues Arg475 and Thr686. Molecular dynamics simulations deciphered a dynamic
view of the HTF−apigenin complex’s behavior (300 ns) and suggested that the complex maintained a
relatively stable conformation. The results of spectroscopic observations delineated significant binding
of apigenin with HTF and stable HTF−apigenin complex formation. The observed binding mechanism and conformational stability
could pave the way for developing novel therapeutic strategies to target neuroinflammation by apigenin in the context of iron
homeostasis.

1. INTRODUCTION
In the present times, neurodegenerative disorders (NDs) pose
a serious threat to public health. No available treatments to
cure NDs, such as Parkinson’s disease (PD), and Alzheimer’s
disease (AD), are among the main reasons. However, there is
an increasing range of therapeutic and supportive options
available.1 AD is a ND that involves progressive loss of neurons
in the brain2 and is among the most common forms of
dementia currently affecting 44 million people worldwide, and
expect this number to increase exponentially in the near
future.3 We do not know the precise etiology for most AD
patients suffering from sporadic or late-onset AD. Still, aging
and inheritance of the ε4 allele of the apolipoprotein E gene
are vital risk factors.4 Amyloid β (Aβ) is a pathological
hallmark protein of AD that aggregates, resulting in the
formation of extracellular plaques. These plaques affect various
cellular functions,5 ranging from alterations of the regulatory
checks of calcium signaling systems to the generation of
reactive oxygen (ROS) and nitrogen species (RNS).6 More-
over, Aβ accumulation also results in inflammation that leads
to microglia activation around plaques.7 Neurofibrillary
tangles, the second major pathological AD hallmarks, are
formed due to hyperphosphorylation of tau protein that
ultimately destabilizes microtubules.8 As per recent literature,
there is increasing evidence to decipher neuroinflammation as

a major pathological component of AD.9 In many recent
reports, a strong correlation is established between AD
pathogenesis and neuroinflammation; according to a recent
study, brain’s inflammatory response contributed primarily in
AD pathogenesis.10,11 According to a study by Hesse et al., the
brains of AD patients showed high levels of pro-inflammatory
mediators.12 Astrocytes and microglia are the cells that
comprise the central nervous system (CNS), and they play a
vital role in physiology and disease. Glial activation is a
defensive mechanism that controls tissue repair in the initial
stages of neurodegeneration.13 Though unnecessary and
extended activation leads to a chronic neuroinflammatory
response,14 that is implicated in most of NDs onset and
progression, viz. amyotrophic lateral sclerosis, PD, and
AD.15−18 Due to the activation of microglia and astrocytes,
inflammatory mediators are produced, namely, cytokines,
chemokines, ROS, RNS, and others that create an environment
of neuroinflammation ultimately resulting in neuronal death.
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All of these reports highlight the importance of neuro-
inflammation in AD pathogenesis. For many years, intensive
global research has explored new domains in the context of
NDs therapeutics to identify and develop new drug treatments.
In spite of these intensifying efforts, to date, only symptomatic
treatments are available and no disease-modifying drugs are
available for AD and other NDs. Thus, targeting AD-associated
neuroinflammation with anti-inflammatory compounds and
antioxidants is attracting researchers’ attention and much focus
is given to it in present times.19−21

Studies have documented that AD progression and onset
can be reduced successfully by dietary-based neuroprotective,
anti-inflammatory, and antioxidant agents.22 Flavonoids are
naturally occurring phenolic compounds that are increasingly
being explored as therapeutic agents to treat inflammation,
owing to their powerful effects in controlling inflammation.
Many pieces of literature document the association of
flavonoid consumption resulting in reduced dementia levels,
strengthening the importance of these flavonoids as anti-
inflammatory agents.23,24 Flavonoids, a diverse class of natural
compounds, are widely present in edible plants, vegetables,
fruits, and various plant-based food items; the fundamental
structures consist of three interconnected cyclic carbon rings.
Specifically, two of these rings are benzene rings designated as
A and B rings, and they are joined via a heterocyclic pyran ring
denoted as the C ring. Flavonoids can be categorized into
subclasses, including flavonols, flavones, flavanones, anthocya-
nidins, isoflavones, dihydroflavonols, and chalcones. These
classifications are based on factors such as the linkage positions
of the B and C rings, as well as the extent of saturation,
oxidation, and hydroxylation of the C ring.25 Apigenin,
structurally 4′,5,7-trihydroxyflavone, is a flavonoid that belongs
to a class of flavones and is abundantly present in teas and
fruits.26,27 It can effectively cross the blood−brain barrier,
making it a vital cog in treating CNS disorders, and is also
nontoxic even at very high doses. The importance of apigenin
is attributable to the wide range of biological activities
associated with apigenin, ranging from antioxidant28 to
neuroprotective6 and others.29,30 According to a recent
study, apigenin presents neuroprotective and anti-inflamma-
tory effects in vitro.7 Another study showed that the treatment
of interferon gamma-activated microglia with apigenin led to
the reduced production of pro-inflammatory IL-6 and TNFα
through mechanisms involving STAT1.31 According to another
report, apigenin protected Aβ25−35-induced toxicity in rat
cerebral microvascular endothelial cells.32 In another literature
report, apigenin treatment of mice enhanced spatial learning
and memory after amnesia induction with Aβ25−35.33 All
these reports highlight the importance of apigenin as an anti-
inflammatory agent and as a neuroprotectant. Neuroinflamma-
tion is comorbid with brain iron accumulation, which is
apparent in many NDs, viz., AD, PD, and others.

Free iron is an effective neurotoxin that can generate ROS,
resulting in oxidative stress.34 Iron, in its free form, is a potent
neurotoxin that can induce oxidative stress, which is a key
pathological feature of neurodegeneration. Oxidative stress is
created so that highly reactive radicals, viz. hydroxyl radicals
are generated via a Fenton reaction that can ultimately damage
DNA, proteins, and lipids, resulting in cell death, a key
pathological feature of NDs. The generation of ROS and RNS,
which are directly involved in the inflammatory process, can
significantly affect iron metabolism via their interaction with
iron-regulatory proteins.

In NDs, the stimulus for neuroinflammation is unclear, but
after activation of microglia and astrocytes, there is a chronic
and sustained response. Iron dyshomeostasis is also apparent,
playing a key role in sustaining the neuroinflammatory
phenotype. Human transferrin (HTF) is a key player in iron
homeostasis and ferritin. HTF, one of the foremost serum
proteins in plasma,35 plays a vital role as a Fe transporter; it
associates with a complex of iron, transferrin receptor and cells’
endosomal compartment.36 The pro-inflammatory cytokines
will induce changes in the iron proteins responsible for
maintaining iron homeostasis in a way that increased amounts
of iron will be deposited in brain cells. Thus, iron loading in
specific brain regions in AD arises due to an initial neuro-
inflammatory event. Hence, releasing a number of cytokines,
ROS and RNS from activated glial cells can modify the activity
of iron proteins in maintaining iron homeostasis. Recently,
many researchers have given attention to the interaction
between HTF and various drugs, viz. AD drugs,37 anticancer
drugs,38 and others. A study by Du et al. investigated the
structural effects on the conformational transition of HTF
induced by the binding of flavonoids with different numbers
and positions of hydroxyl groups.39 In a recent investigation,
researchers delved into understanding the interaction mecha-
nism between transferrin and four closely related flavonols�
galangin, kaempferol, quercetin, and myricetin�utilizing a
combination of experimental and computational modeling
methods.25 All of the reports signify the importance of iron
homeostasis in AD-associated neuroinflammation, thereby
revealing the vital role of HTF in AD therapeutics. Thus, in
our present work, we will be elucidating the binding and
interaction mechanism of apigenin with HTF employing a
combined in silico and in vitro approaches.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. HTF and apigenin were

procured from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA).
We dialyzed HTF overnight in 20 mM sodium phosphate
buffer, pH 7.2, to get rid of any excessive salts and checked the
purity on SDS-PAGE. We used all other chemicals of analytical
grade. In all spectroscopic measurements, we used controls,
and the reported spectra are the subtracted spectra. All the
experiments were performed in triplicates.
2.2. UV−Vis Spectroscopic Measurements. Absorption

spectra of HTF in the presence and absence of apigenin were
measured on a Shimadzu UV-1900 Spectrophotometer with a
quartz cuvette (1 cm path length). We kept the concentration
of Tf constant at 2 μM and varied the apigenin concentration
(0−9 μM). The data were fitted into eq 1 as per earlier
literature to obtain the binding constant (K) of HTF−apigenin
complex.40

= + ×A
A A K C

Htf
B

Htf
B

1
(1)

2.3. Fluorescence-Based Binding Assay at Varying
Temperatures. In triplicate, fluorescence binding was
performed on a Shimadzu Spectrofluorometer (RF-6000)
(Japan). We titrated HTF with various concentrations of
apigenin, and fluorescence emission was recorded in a range
between 300 and 400 nm wavelengths with a 280 nm
excitation light. To 500 μL of HTF, apigenin was successively
added from its stock solution such that its concentration was
0−3.5 μM. We then used the obtained data and put it into the
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Stern−Volmer (SV) and modified Stern−Volmer (MSV) eqs
(eq 2) and analyzed as per earlier published studies37,41 to
obtain binding parameters for the HTF−apigenin complex.

= + [ ]···
F F

F
K n Clog log log0

(2)

F0: fluorescence intensity of protein; F: fluorescence intensity
of protein in the presence of ligands; K: binding constant; n:
number of binding sites; and C: ligand molecules’ concen-
tration.
2.4. Molecular Docking. The molecular docking analysis

was performed by using a DELL workstation running the
Windows 11 operating system. The three-dimensional
structure of HTF was sourced from the Protein Data Bank
(PDB ID: 3V83), while the structure of apigenin was retrieved
from the PubChem database (PubChem CID: 5280443) and
processed utilizing MGL tools.42 For docking simulations and
to unveil intricate ligand−receptor interactions, the InstaDock
software was employed.43 The docking procedure was
executed using a blind search space approach, encompassing
the entire protein and affording ample room for each ligand to
explore its potential binding sites. The grid dimensions were
set at 82, 99, and 84 Å for the X, Y, and Z dimensions,
respectively. The grid center was positioned at coordinates
−52.355, 17.601, and −30.21 for the X, Y, and Z axes. A grid
spacing of 1 Å was maintained, and default docking parameters
were applied. Subsequently, the docking results were visualized
and analyzed using Discovery Studio Visualizer44 for figure
rendering and comprehensive assessment of the docking
outcomes.
2.5. MD Simulations. After the docking investigation,

comprehensive all-atom molecular dynamics (MD) simula-
tions were undertaken on HTF and its complex with apigenin.
These simulations were carried out over a duration of 300 ns
(ns) using the charmm36-jul2022 force field within the
GROMACS 2020 beta platform.45 To establish the system
for simulations, the ligand topology was generated utilizing the
CHARMM General Force Field (CGenFF) program and

cgenff_charmm2gmx_py3_nx2.py, followed by its integration
with the parent coordinates of HTF. The resulting systems
were then solvated in a cubic box with dimensions of 10 Å,
utilizing the SPC216 water model through the gmx solvate
module.46 Subsequently, an energy minimization step was
carried out, employing the steepest descent algorithm with
1500 steps. The trajectories acquired from the MD simulations
were analyzed using the GROMACS tools suite. Graphical
representations were generated utilizing XMGrace software.47

For a more comprehensive and in-depth insight into the details
of the molecular docking and MD simulations, we direct
interested readers to our recent publications, where a detailed
exposition of the methodologies can be found.48,49

3. RESULTS
3.1. Molecular Docking. The molecular docking studies

revealed remarkable interactions between apigenin and HTF.
By analyzing the docking results, we were able to identify the
interacting residues and investigate the binding pattern of
apigenin with HTF. The binding affinity of the HTF−apigenin
complex was determined to be −7.8 kcal/mol. Apigenin shows
a remarkable ligand efficiency value, i.e., 0.39 kcal/mol/non-H
atom, for HTF.

To gain insights into the inhibitory mechanism of apigenin
toward HTF, we conducted a detailed analysis of the docking
results. Our findings indicated that apigenin preferred to
occupy the iron-binding pocket of HTF. Within this deep
cavity, apigenin formed significant interactions with the
binding pocket residues, as depicted in Figure 1. Notably,
one hydrogen bond was observed between apigenin and
Thr686, a key residue in the iron-binding site (Figure 1B).
Surface representations further illustrated the occupancy of the
iron-binding pocket by apigenin within the internal cavity of
the HTF (Figure 1B). Furthermore, pivotal interactions, such
as alkyl, π-alkyl, and van der Waals forces, ensued with multiple
residues of HTF, holding the intricate structure of the complex
(Figure 1C). Previous research has similarly documented

Figure 1. Apigenin binding to HTF. (A) Cartoon representation of docked apigenin interacting with HTF. (B) Surface potential view of the HTF
binding pocket occupied by apigenin. (C) 2D plot of interacting residues of HTF with apigenin.
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hydrogen carbonate and iron binding to HTF through a similar
set of amino acids (https://www.uniprot.org/uniprotkb/
P02787/entry#function).50 Thus, we hypothesize that apigenin
binds to HTF within the binding pocket, impeding the entry of
hydrogen carbonate. As a consequence, this interference
ultimately impedes the catalytic function of HTF.
3.2. HTF Dynamics upon Apigenin Binding. Utilizing

MD simulations, a robust computational approach, we delved
into the intricate internal dynamics, physical movements, and
conformational alterations of macromolecules. This technique
also facilitated the exploration of their interactions with other
molecules within a specified time frame.51 Within this study’s
context, we undertook extensive all-atom MD simulations,
each spanning 300 ns, for both the unbound HTF and the
HTF−apigenin complex. Our primary goal was to scrutinize
the conformational transitions, overall stability, and interaction
mechanisms between apigenin and HTF.

The association of a small molecule with a protein’s binding
pocket often prompts significant conformational shifts in its
globular architecture.52 To assess the structural variation and
stability of the protein, we employed root-mean-square
deviation (RMSD), a widely employed metric. Our observa-
tions indicate that apigenin binding imparts HTF stability
while inducing only minor alterations in its native con-
formation (Figure 2A). Nevertheless, initial fluctuations in
RMSD surfaced during the initial 50 ns post apigenin binding,
potentially attributable to the initial positioning of apigenin
within HTF’s binding pocket. Subsequent to this phase, the
binding event induced RMSD equilibrium throughout the
simulations, underscoring the stability of the HTF−apigenin
complex (Figure 2A).

Intrigued by the local structure and inherent flexibility, we
quantified all residues’ root-mean-square fluctuation (RMSF),
elucidating residual fluctuations within both unbound HTF
and HTF upon apigenin binding (Figure 2B). The RMSF
profile unveils fluctuations in distinct regions of the HTF
structure. Notably, the average RMSF of HTF exhibits a
similarity post apigenin binding, manifesting sporadic fluctua-

tions and stabilizations across the simulation period,
encompassing the N-terminal to the C-terminal domains.
However, an amplified level of residual fluctuations is
discernible upon apigenin binding, which is primarily
concentrated at the N-terminal domain. This occurrence
could be attributed to heightened residual vibrations during
the simulation stemming from the presence of apigenin. The
amalgamation of our MD simulations and subsequent analyses
furnishes valuable insights into the dynamic interplay between
apigenin and HTF, highlighting stabilizing effects and subtle
structural adjustments within the HTF−apigenin complex.

The radius of gyration (Rg) stands as a crucial structural
parameter, serving as a window into a protein’s tertiary volume
and overall conformational configuration.53 Its widespread
application lies in evaluating a protein’s stability within a
biological context. A higher Rg value points to relatively looser
protein structure packing. This parameter has been harnessed
to discern the influence of a protein’s conformational dynamics
in its native environment.54 Through meticulous analysis, the
average Rg values for both free HTF and the HTF−apigenin
complex were gauged to fall within the 2.90−3.05 nm range.
Strikingly, the Rg values exhibited remarkable consistency for
HTF, both prior to and following apigenin binding, over the
entire simulation duration (Figure 2C). Our in-depth
examination of the Rg plot uncovered marginal changes,
underscoring the absence of substantial structural rearrange-
ments in HTF’s packing subsequent to apigenin binding. This
observation does agree with the earlier deduction, reinforcing
the notion that apigenin’s interaction elicits minimal alteration
in HTF’s native conformation. In summary, the Rg parameter
emerges as a pivotal tool in our investigative arsenal,
illuminating HTF’s tertiary characteristics and conformational
stability. Its unwavering behavior upon apigenin association
fortifies the proposition that apigenin’s impact on HTF’s
structure is subtle, reinforcing the protein’s structural integrity.

The solvent accessible surface area (SASA) emerges as a
pivotal descriptor, delineating the surface region of a protein
that remains directly exposed to the surrounding solvent

Figure 2. Structural dynamics of HTF with apigenin in (A) RMSD, (B) RMSF, (C) Rg, and (D) SASA plot. Black and red represent values
obtained for free HTF and HTF−apigenin complexes, respectively.
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environment.55 SASA intertwines closely with the Rg parameter
and holds the potential to offer profound insights into a
protein’s behavior. This parameter unveils the extent to which
a protein’s surface interacts with its environment, thereby
reflecting its conformational dynamism. Our meticulous
analysis encompassed the calculation and temporal plotting
of average SASA values for both unbound HTF and the HTF−
apigenin complex. These values were derived within the range
of 290−320 nm2. Interestingly, a subtle elevation in SASA
values was manifested when HTF was engaged with apigenin,
as compared to HTF alone (Figure 2D). This minute SASA
increment suggests the occurrence of conformational shifts in
HTF attributed to apigenin’s binding, resulting from the
ligand’s occupancy within the protein’s intramolecular space.
This phenomenon attests to the interplay between HTF and
apigenin, influencing the protein’s overall surface interaction
with its surroundings. In synthesis, our comprehensive analyses
coalesce to reinforce the theme of conformational stability
within the protein−ligand complex throughout the simulation.
The SASA parameter is a vital corroborative element,
accentuating the nuanced interplay between HTF and apigenin
and shedding light on the complex’s enduring structural
integrity.
3.3. Hydrogen Bonding Dynamics: Anchoring Protein

Stability. The intricate network of intramolecular hydrogen
bonding is a basis for maintaining protein stability, conferring
both directionality and steadfastness to protein−ligand
complexes.56 The exploration of hydrogen bond dynamics
affords a unique vantage point, illuminating the stability of the
polar interactions within these complexes. Our study under-
took a comprehensive analysis, delving into the stability of
both unbound HTF and the HTF−apigenin complex by

quantifying the number of hydrogen bonds throughout the
simulation (Figure 3A). This undertaking provides a
compelling depiction of how apigenin’s presence can influence
the formation of specific hydrogen bonds within the HTF
structure.

Furthermore, we meticulously computed the average
number of conventional hydrogen bonds formed between
HTF and apigenin. The findings unveiled a dynamic landscape
wherein up to 5 hydrogen bonds were established during the
simulation period. Notably, these hydrogen bonds exhibited
fluctuations of varying intensities, spanning from 2 to 4 bonds
and 1 to 2 bonds, characterized by minimal fluctuations. These
results mirror our earlier molecular docking outcomes (Figure
3B). These observations serve as a testament to the dynamic
formation and fluctuation of hydrogen bonds between HTF
and apigenin. These interactions are unequivocally indicative
of their engagement within the binding pocket of HTF. This
analysis provides a profound glimpse into the intricate
interplay of hydrogen bonding, underscoring its pivotal role
in modulating the stability of the HTF−apigenin complex.
This dynamic interaction enriches our understanding of the
complex’s stability and underscores the intricate involvement
of hydrogen bonding in mediating protein−ligand interactions.
3.4. Principal Component Analysis. Principal57 compo-

nent analysis(PCA) is a fundamental method employed to
investigate the collective atomic movements within proteins.
PCA provides valuable insights into the overall protein
dynamics by identifying principal motions characterized by
eigenvectors, allowing for exploring its stability and conforma-
tional changes.58 In this investigation, we utilized PCA to
assess the conformational variability of both free HTF and the
HTF−apigenin complex within the essential subspace, as

Figure 3. Time evolution of hydrogen bonds formed. (A) Intra-HTF, (B) hydrogen bonds between HTF and apigenin.

Figure 4. PCA (A) 2D projections of HTF conformations. (B) Time evolution conformations of free HTF and HTF−apigenin complexes.
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depicted in Figure 4. The tertiary structures projected by the
Cα atom along the first and second eigenvectors illustrate the
spectrum of conformational states adopted by the protein. A
cluster of stable states is evident for HTF, implying that the
protein explores a broader range of phase spaces. However,
there is no significant global shift in the motion of HTF upon
the binding of apigenin (Figure 4B). This indicates that the
interaction with apigenin does not trigger substantial large-
scale conformational alterations in the protein’s structure.
3.5. Free Energy Landscape Analysis. To delve deeper

into HTF’s conformational dynamics, we investigated the free
energy landscapes (FELs) of HTF and the HTF−apigenin
complex, as illustrated in Figure 5. The FEL of HTF reveals a
singular, stable global minimum, predominantly confined
within a solitary basin (Figure 5A). However, a distinct
alteration in the conformational behavior becomes evident
upon the introduction of apigenin, resulting in the protein
attaining a more extensive energy minimum (Figure 5B). This
observation indicates that the binding of apigenin induces a
modification in the energy landscape of HTF, leading to the
emergence of discrete conformational states. By combining the
analysis of conformational dynamics through PCA and FEL
exploration, we extract valuable insights into the stability and
evolving conformational patterns of HTF, particularly in its

interplay with apigenin. These discoveries significantly
contribute to our comprehension of the conformational
landscape and potential functional implications of HTF in
the presence of apigenin.
3.6. UV Visible Spectroscopy. There are many

approaches that can be used to detect complex formations
between ligand and protein and UV visible spectroscopy is
amongst them.59 Herein, a typical absorption peak of HTF at
around 280 nm was observed for the native protein (Figure
6A). In the presence of increasing concentration of apigenin,
there was an increase in the absorbance of protein, i.e.,
hyperchromism was observed, without generating any new
peak and no shift in the absorption maxima. It is said that
wherein dynamic quenching plays a primary role, no changes
in UV visible spectra should be observed owing to the fact that
the interaction occurs at the excited state of the fluorophore.
Herein, our observations suggest that complex formation is
taking place between HTF and apigenin; apigenin binds with
HTF, resulting in a stable complex formation. Furthermore,
the obtained data were fitted into a double reciprocal plot
(Figure 6B) to obtain the binding constant (K) for the HTF−
apigenin complex. We obtained a binding constant (K) of 6.5
× 104 M−1 for this complex from the ratio of the intercept and

Figure 5. FEL for the (A) HTF and (B) HTF−apigenin complex.

Figure 6. (A) UV vis absorption spectra of HTF in the absence and presence of apigenin (0−9 μM). (B) Double reciprocal plot of the HTF−
apigenin complex.
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the slope of this plot, implicating a significant strength of
binding between apigenin and HTF.
3.7. Fluorescence Spectroscopy. Fluorescence spectros-

copy is a commanding technique to study molecular
interactions that involve proteins, attributable to the fact that
it is a rapid and simple method apart from being sensitive.60,61

Fluorescence is specifically attributed to the presence of three
intrinsic fluorophores in the protein; among them, tryptophan
(trp) is the one that contributes maximally.62 HTF’s intrinsic
fluorescence is primarily from Trp alone, with phenylalanine
having a very low quantum yield. Tyrosine fluorescence is
completely quenched if it is ionized or near an amino group, a
carboxyl group, or a Trp. Many studies have employed this
approach to elucidate the binding mechanism of important
ligands/drugs with HTF and other clinically relevant proteins
in a way delineating the nature of the binding process.37,41

Intrinsic fluorescence of HTF is very sensitive to its
microenvironment63 and thus any changes in the micro-
environment around fluorophores due to binding of ligand are
reflected in changes in the fluorescence spectra.

HTF, in its native form, exhibited a distinct fluorescence
maximum of around 335 nm after excitation at 280 nm. The
effect of various apigenin concentrations on the fluorescence
intensity of native HTF is shown in Figure 7. It is apparent that

apigenin quenched the fluorescence of HTF in a dose-
dependent manner with no observed peak shift and/or
generation of an extra new peak; i.e., when HTF concentration
was kept constant, and apigenin concentration was increased
gradually, a visible decrease in the fluorescence intensity of
HTF was evident. This phenomenon is termed fluorescence
quenching, and this observed loss of HTF’s fluorescence in the
presence of apigenin can be attributed to the formation of the
HTF−apigenin complex.

SV and MSV equations were used in line with earlier
published studies to compute the different binding parameters
for the complex formation.64,65 The SV plot was well-fitted
with a linear function (Figure 8A), suggestive of the fact that
interaction between HTF and apigenin was predominantly
driven by a single mechanism, i.e., either static or dynamic. For
this interaction, Ksv found from the slope of the SV plot was
1.38 × 105 M−1 s−1. Furthermore, the quenching data of HTF
in the presence of varying apigenin concentrations were fitted
in the MSV equation to give an MSV plot (Figure 8B), and the
intercept of this plot yielded the binding constant for the
HTF−apigenin complex. Apigenin was found to bind to HTF
with a binding constant (K) of 1.5 × 105 M−1. The obtained
values are in the range reported for other protein−ligand
complexes,40,64 implying significant interaction strength
between apigenin and HTF. These results and UV visible
spectroscopy further validated our in silico observations and
affirmed the formation of a stable HTF−apigenin complex.

4. DISCUSSION
We comprehensively investigated the molecular interactions
between HTF and apigenin, employing combined in silico and
in vitro approaches. Molecular docking analysis reveals
compelling evidence of a strong interaction between apigenin
and HTF. The observed binding affinity of the HTF−apigenin
complex underscores the favorable energetics of their
interaction. Notably, apigenin’s occupation of the iron-binding
pocket of HTF and the formation of key hydrogen bonds with
critical residues, such as Arg475 and Thr686, offer crucial
insights into the binding mechanism. The study’s findings
suggest that apigenin’s binding might disrupt the hydrogen
carbonate binding, subsequently affecting HTF’s catalytic
function.

The MD simulations provide a dynamic view of the HTF−
apigenin complex’s behavior over a prolonged period, i.e., 300

Figure 7. Fluorescence intensity of free HTF and HTF with varying
apigenin concentrations (0−3.5 μM). Excitation was performed at
280 nm.

Figure 8. (A) SV and (B) MSV plot of the HTF−apigenin complex.
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ns. The RMSD analysis illustrates that apigenin binding
confers stability to HTF, with minor fluctuations observed
during the initial stages of the simulation. The RMSF analysis
further elucidates the impact of apigenin on the flexibility of
specific regions within the HTF, particularly in the N-terminal
domain. This increased flexibility is attributed to apigenin’s
presence and highlights its influence on HTF’s internal
dynamics. The Rg and SASA analyses contribute to under-
standing the overall conformational stability and surface
interactions of the HTF−apigenin complex, emphasizing the
subtle nature of the structural alterations induced by apigenin
binding. The hydrogen bond dynamics demonstrate the
intricate role of hydrogen bonds in stabilizing the protein−
ligand complex. The fluctuating pattern of hydrogen bond
formation between HTF and apigenin underscores their
dynamic interplay, suggesting a delicate balance between
stability and flexibility. The PCA and FEL analyses collectively
shed light on the conformational space explored by HTF and
the HTF−apigenin complex. The absence of significant global
conformational shifts upon apigenin binding indicates that the
complex maintains a relatively stable conformation while
adapting to subtle local changes. Furthermore, we employed in
vitro approaches to validate these observations. Formation of a
complex between protein and ligand can be observed through
corresponding changes in UV−visible absorption spectra, and
the results demonstrated significant binding affinity of apigenin
with HTF with a binding constant (K) of 6.5 × 104 M−1.
Fluorescence spectroscopy is a probing technique that senses
changes in fluorophores’ local environment; any change in the
local environment around these fluorophores directly corre-
sponds to changes in fluorescence spectra. Thus, the intrinsic
fluorescence of proteins demonstrates significant evidence of
their structure and dynamics and serves as a commanding
technique to study molecular interactions involving proteins
and ligands, revealing the binding mechanism. The results
revealed that apigenin binds to HTF with an excellent affinity
with a binding constant (K) of the order of 105 M−1, forming a
stable complex. Thus, these spectroscopic observations
exacerbated the in silico observations, affirming the formation
of a stable HTF−apigenin complex.

The study’s approach of combining molecular docking and
MD simulations with spectroscopic assays provides a
comprehensive understanding of the complex’s behavior at
static and dynamic levels. The findings presented here
contribute valuable insights into the molecular interactions
between HTF and apigenin and provide a solid foundation for
future research endeavors aimed at harnessing the therapeutic
potential of apigenin in targeting HTF-related disorders.
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