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ABSTRACT: Huperzine A (HupA), an alkaloid found in the club moss Huperzia
Serrata, has been in use for centuries in Chinese traditional medicine to treat dementia
owing to its ability to inhibit the cholinergic enzyme acetylcholinesterase (AChE),
thus acting as an acetylcholinesterase inhibitor (AChEI). An imbalance of metal ions
in the brain is linked to Alzheimer’s disease (AD) pathology. Transferrin (Tf) is a
crucial player in iron homeostasis, thus highlighting its significance in AD. This study
explores the plausible binding of HupA with Tf using molecular docking, molecular
dynamics (MD) simulation, and free energy landscape (FEL) analyses. The docking
results show that HupA binds to the functionally active region of Tf by forming three
hydrogen bonds with Thr392, Glu394, and Ser688 and several hydrophobic
interactions. The MD simulation analyses show that HupA binding is stable with
Tf, causing minimal changes to the protein conformation. Moreover, principal
component analysis (PCA) and FEL also depict the stable binding of HupA with Tf
without any significant fluctuations. Further, fluorescence-based binding suggested
excellent binding affinity of HupA with Tf affirming in silico observations. Isothermal titration calorimetry (ITC) advocated the
spontaneous binding of HupA with Tf. This study provides an insight into the binding mechanism of HupA with Tf, and overall, the
results show that HupA, after required experimentations, can be a better therapeutic agent for treating AD while targeting Tf.

1. INTRODUCTION
Trace metals are well known to be essential in maintaining
human physiology. Iron is a vital trace element involved in
important processes like oxygen and electron transport,
reduction and oxidation reactions, and other functions to
maintain brain homeostasis.1,2 Iron concentrations are vital in
maintaining various pathways, and a misregulation in iron
storage and release can affect the overall cellular pathways.2

Iron has several inevitable roles in the brain, such as
synthesizing neurotransmitters.3,4 Regions of the brain under-
going myelination show age-dependent accumulation of iron.5

Iron storage is directly associated with age up to 40 years in
humans, and the process remains steady beyond that age.5 All
these reports suggest the crucial role of iron in the brain.
Unsurprisingly, Iron-related dysfunction has been related
widely to neurodegeneration.6 The generation and metabolism
of free radicals is a common event during the oxidative
metabolism of the central nervous system (CNS).7 Still, a
surplus of unbound and free iron contributes to the generation
of rapid oxygen intermediates; the toxicity may be one factor
contributing to brain cell death and neurodegeneration.8 Metal
ion homeostasis in the brain is fundamental for continuing
common physiological roles.9 Therefore, iron homeostasis is
essential, and transferrin (Tf) is the leading performer in iron

metabolism. Tf, a group of proteins, transports iron around the
bloodstream forming an iron−protein complex.10

The 679 amino acid residue protein, Tf, has a mass of 79.6
kDa.11 Tf quenches the free iron in the bloodstream, avoiding
the stressed oxidative environment. The free iron across the
blood is picked up by Tfs and delivered to the cells. The
process involves a receptor-mediated endocytic mechanism; Tf
complexed with the receptor is internalized, losing the bound
iron in the endosome. The complex is further recovered to the
cell’s surface, releasing the Tf.12 Reactive oxygen species
(ROS) produced in response to free iron contribute to many
diseases, emphasizing the importance of transferrin in
managing the menace. Tfs control the flow of free iron,
protecting the body from the harmful effects of free iron in the
oxygen-rich environment of body fluids.13 The scarcity of Tf
significantly affects red blood cell production; Tf deficiency
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stores the iron in the storage pool, ultimately leading to iron
scarcity.

Alzheimer’s disease (AD) is one of the most prevalent
neurodegenerative disorders that shows a characteristic
deposition of amyloid-β (Aβ), further assisting senile plaques
and tau generation, ultimately leading to neurofibrillary tangle
(NFT) production.14,15 Different hypotheses deciphers the AD
pathogenesis; one is cholinergic, and the other is the amyloid
hypothesis. Additionally, the tau hypothesis in which neuro-
fibrillary tangles (NFTs) formed from hyperphosphorylated
tau are major players is gaining recognition. The metal
hypothesis states that metal ion dyshomeostasis in the brain is
linked to AD pathology. Tf is a vital iron-binding protein that
plays a crucial role in iron ion absorption through the
transferrin receptor (TfR), possibly involving AD patho-
genesis.16 The pathogenesis of AD is greatly affected by the
balance of metal ions in the central nervous system and, hence,
are significant contributors to tau phosphorylation and Aβ
accumulation. Imbalanced metal concentrations have been well
reported in the AD brain.17,18 Neurodegeneration mediated by
iron accumulation is also termed iron death; increased iron
concentrations in CNS have been linked to other tauopathies
and Aβ toxicity.19 Tau and Aβ bound to iron induces
aggregations and hence amplify neurotoxicity. Aβ, when
bound to an iron ion at its N-terminal, produces free radicals
responsible for membrane surface damage.20 All these reports
suggest the importance of Tf in AD pathogenesis.

Natural products provide a platform for new chemical
entities having diverse molecular structures and thus serve as a
key player in drug discovery. In most cases, modification and
optimization are required for natural compounds in a bid to
modify the structural features that result in increased potency
and selectivity with reduced toxicity.21 Huperzine A (Hup A)
is a Chinese medicinal herb used as traditional medicine for
ages. The compound is extracted from Huperzia Serrata and is
characterized as a lycopodium alkaloid with various medicinal
properties.22 The most common use of the medicine is against
neurological disorders such as schizophrenia, contrusion, etc. It
is recognized as a potential acetylcholinesterase inhibitor
(AChI) and hence a potent anti-AD candidate.23,24 Surpris-
ingly, the potential is considered greater than the drugs in use
as AChI, such as donepezil and galantamine.25 Acetylcholine
(ACh) occurs in multiple forms in the mammalian brain, the
central part of which occurs as a tetrameric form, with small
amounts of monomeric forms.26 Hup A has shown inhibitor
effects against the tetrameric form of ACh, which is present in
abundance, and other drugs such as rivastigmine inhibit the
scarce monomeric form.27 A recent study reported binding of
HupA with the most abundant plasma protein, human serum
albumin (HSA).28 Thus, in lieu of the importance of Tf in AD
therapeutics and the potential of HupA as an excellent
therapeutic candidate for AD, this study was performed to
decipher the binding mechanism of HupA with Tf. In this
study, we used molecular docking and molecular dynamic
(MD) simulation approaches along with free energy landscape
(FEL) and principal component analysis (PCA) to study the
binding potential of HupA toward Tf. After performing the
interaction analysis, the MD trajectories were analyzed for the
root mean square deviation (RMSD), root mean square
deviation fluctuations (RMSF), radius of gyration (Rg), solvent
accessible surface area (SASA), and intra- and intermolecular
hydrogen bonding (H-bonding) followed by PCA and FEL
analysis. Additionally, in silico observations were validated by

the fluorescence-based binding assay. Isothermal titration
calorimetry (ITC) further revealed the binding energetics of
the Tf-HupA system delineating the associated thermodynamic
parameters.

2. MATERIALS AND METHODS
2.1. Data Preparation and Computational Settings.

The crystal structure of human Tf [PDB: 3 V83] was used as
the receptor in this study. The parent coordinates for receptor
preparation deleted the heteroatoms and water molecules. The
PyMOL29 was used for deleting heteroatoms, and missing
atoms were added through the SwissPDB-Viewer.30 Missing
hydrogen atoms were added using MGL AutoDock tools,31

and Amber 7FF99 atom types were assigned. The energy
minimization process was also performed on the receptor file
under vacuum conditions and the GROMOS force field
option.32 The final structure of the receptor was stored for
molecular docking study. For ligand preparation, the three-
dimensional structure (3D) of HupA was downloaded from
the PubChem repository (PubChem CID: 854026). The
molecular struture of HupA is shown in Figure S1. For
preprocessing, approperiate atom types were assigned and the
structure was energy minimized. The final structure of the
ligand was stored for docking study.

2.2. Molecular Docking. The molecular docking of Tf and
HupA was carried out to assess the binding affinity and make
preliminary coordinates available for the MD simulation
studies. The docking was performed using the InstaDock
software33 in a fully available search space. During the docking
procedure, the grid box with dimensions 84 × 96 × 88
centered at the coordinates X = −51.216, Y = 17.726, and Z =
−29.071 was utilized as a search area. The default settings and
parameters in InstaDock were used, generating a maximum of
nine docked conformations for the ligand. The scoring
function in InstaDock is implemented from the AutoDock
Vina program, i.e., the sum of energy terms of H-bonding,
electrostatic interactions, dispersion/repulsion, internal ligand
torsional constraints, deviation from covalent geometry, and
desolvation effects. After the docking procedure, the possible
docked poses of the ligand were split and analyzed for pose
selection. The final docked pose, known as the representative
binding pose, was selected based on the binding affinity and
critical interactions toward the receptor-binding pocket. The
pKi and ligand efficiency for HupA was estimated following the
protocol described in our initial publications.33−35 The
interaction analyses were carried out using PyMOL and
Discovery Studio Visualizer36 programs.

The pKi, the negative decimal logarithm of the inhibition
constant, was calculated from ΔG through the following
formula:

G RT Ki(ln )pred=

Ki e G RT
pred

( / )=

Ki Kip log( )pred=

where ΔG is the binding affinity (kcal mol−1), R (gas constant)
is 1.98 cal × (mol × K)−1, T (room temperature) is 298.15
Kelvin, and Kipred is the predicted inhibitory constant.

Ligand efficiency (LE) was calculated through the following
formula:

G NLE /=
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where LE is the ligand efficiency (kcal mol−1 non-H atom−1),
ΔG is the binding affinity (kcal mol−1), and N is the number of
non-hydrogen atoms in the ligand.

2.3. MD Simulations. The classical MD simulation for 100
ns was performed on Tf and Tf-HupA docked complex using
GROMACS 2020 beta.37 The MD simulation study helps
evaluate the binding interactions between a protein−ligand
complex in a time evolution manner.38,39 The free protein and
the protein−ligand complex from the docking study were used
as initial coordinates for MD simulations. The HupA was
parameterized through the PRODRG program.40 The top-
ology and the coordinate files for Tf were produced using the
Gromos54a7 force field embedded in the GROMACS suite.
The free protein and the protein−ligand complex were
enclosed in a cubic box of the SPCE water model with
distance of 10 Å from the edges. An appropriate number of
counter ions were supplied to both the systems for
neutralization, followed by an energy minimization process
using the steepest descent algorithm with 1500 steps. This was
followed by the NVT (constant number of particles, volume,
and temperature) ensemble for one ns and the NPT (constant
number of particles, pressure, and temperature) ensemble for
one ns. Thermodynamic properties, including potential energy
and total energy of both the systems, were monitored, ensuring
adequate equilibration in the simulations. Finally, unrestrained
100 ns production runs for each system were performed at 300
K and one atmospheric bar pressure. The detailed protocol for
the analysis of the produced MD trajectories has been
discussed in several protein−ligand interaction studies.

2.4. Principal Component Analysis. In this work, the
internal collective motions of Tf before and after the binding of
HupA were also examined through the principal component
analysis (PCA) based on the positional covariance matrix
generated using the coordinates of Cα atoms and two principal
components (PCs), named PC1 and PC2. PCA helps in
revealing the collective motions in a protein.41 The basic
elements of the positional covariance matrix were obtained by
the following equation:42

i jC (x x )(x x ) ( , 1, 2, 3, ... 3N)ij i i j j= < > < > =

where xi/xj denotes the Cartesian coordinate of the ith/jth atom,
and <−> denotes the ensemble average.

2.5. Free-Energy Landscape Analysis. The free-energy
landscape (FEL) records all possible conformations of a
molecular system, especially proteins.42 The analysis of FELs is

useful in exploring the spatial position of molecular systems
along with their corresponding energy levels.43 To examine the
energy bases of Tf conformational states, FELs were generated
according to the following equation:

G K T P(X) ln (X)B=

where KB denotes the Boltzmann constant, T denotes the
temperature, i.e., 300 K, and P(X) denotes the probability
distribution.

2.6. MM-PBSA Calculations. To further evaluate the
binding of HupA with Tf, the binding affinity of the docked
complex was calculated using the MM-PBSA approach.44 MM-
PBSA was calculated through the g_mmpbsa package of
GROMACS.45 The trajectory from a stable region, i.e.,
between 50 and 60 ns, was used for the calculation.

2.7. Fluorescence-Based Binding. To further confirm
the in silico observations, a fluorescence-based assay was carried
out to check the actual binding between Tf and HupA as per
earlier published literature studies46,47 on a Jasco FP-6200
spectrofluorometer (Tokyo, Japan) at 25 °C. The protein was
excited at 280 nm, and the emission was recorded in the 300−
400 nm range with the slit width set at 10 nm and response set
to medium. The protein concentration was kept constant at 4
μM, and we titrated the ligand (HupA) in the range of 0−10
μM. The experiment was performed in triplicates, and all the
reported spectra are subtracted spectra.

2.8. Isothermal Titration Calorimetry. We performed an
ITC experiment on MicroCal VP-ITC (Northampton, MA,
USA) in accordance with earlier studies.34,48 Initially, all the
samples were degassed thoroughly to remove the bubbles, and
post degassing, the sample cell was filled with protein of
interest, while the ligand was loaded into the rotator syringe. A
programmed titration of 26 injections, in which the first
injection of 2 μL is considered false, is followed by 10 μL
injections, with the stirring speed set at 307 rpm and spacing
set at 280 s. Microcal Origin 8.0 is used to plot the final figure
and find the associated binding and thermodynamic parame-
ters, Ka, ΔG, ΔH, and ΔS.

3. RESULT AND DISCUSSION
3.1. Molecular Docking of HupA and Tf. Molecular

docking is usually deployed to find the binding sites of ligands
on the proteins and reveal the binding energy of protein−
ligand complexes.49−51 Molecular docking of HupA was
performed with Tf, showing a binding affinity of −6.6 kcal/

Figure 1. Docking pose of HupA with Tf. (A) Ribbon diagram of Tf with HupA. (B) Close-up render of Tf showing interactions with HupA. (C)
Surface plot of the interpolated charged binding pocket of Tf occupied with HupA.
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mol. It was estimated that the predicted pKi and LE values of
HupA were 4.84 and 0.367 kcal/mol/non-H atom, respec-
tively. Meanwhile, the molecular interactions of HupA with
AchE are shown in Figure S2, where it shows an affinity of
−7.3 kcal/mol. The calculated ADMET properties of HupA
are described in Table S1. Visual inspection of the docked
complex showed that HupA interacted with the Tf binding
pocket that accommodated most of the ligand’s part inside the
deep cavity of the protein (Figure 1). HupA formed three
conventional hydrogen bonds with Thr392, Glu394, and
Ser688 (Figure 1A). The docking pose showed that HupA is
bound in a position too close to Asp411, which is critical for
the functional activity of Tf. The hydrophobic core of Tf,
surrounded of Arg327, Phe414, Ala472, Val473, Gly506,
Ser507, Lys508, Thr686, and Leu689 forms multiple van der
Waals interactions with HupA (Figure 1B). The docking pose
of HupA predicted that the aromatic ring of HupA occupies
the hydrophobic pocket of Tf surrounded by several residues
(Figure 1C). The alternative docking modes of HupA with Tf
in the presence of Fe+3 are shown in Figure S3. From the
docking study, it was exciting that HupA showed exceptional
affinity, which strongly supported its candidature of being a
plausible binding partner of Tf.

The selected docked pose of HupA and its corresponding
2D and 3D interaction plots are depicted in Figure 2. The pose
demonstrated that the HupA binds within the Tf’s active site
and makes various interactions. Figure 2A shows that HupA
bound tightly through three conventional hydrogen bonds with
Thr392, Glu394, and Ser688, along with several other
interactions such as van der Waals contacts. The Glu394 and
Pro527 of Tf showed pi−anion and pi−alkyl interactions,
respectively. The stability of a small molecule within the
binding pocket is associated with the number of interactions
shared by the surrounding residues. The strong binding of
HupA with Tf can be correlated with various interactions
formed between the docked complex of Tf-HupA. Binding site
residue Tyr411 is critical for the iron-binding in Tf. It was
apparent from the figure that HupA was near Tyr411 and
shared a hydrophobic interaction (Figure 2A). The charged
potential of the Tf binding pocket occupied by HupA is shown
in Figure 2B. The analysis uncovered that HupA occupied the
deep binding pocket of Tf properly, which supports our
premise of their interaction.

3.2. MD Simulations. To explore the dynamic behavior of
the Tf with HupA correlated to the inhibition mechanism, MD
simulations were performed for the 100 ns Gromacs suite. The
simulation trajectory of the apo form of the protein was served
as the control for comparative analysis. The time evolution of
the total energy of Tf and the Tf-HupA complex for 100 ns is
shown in Figure 3. The graph showed in some way a parallel

trend of both the systems. The stability of the docked complex
was assessed by evaluating the RMSD, RMSF, Rg, SASA, and
hydrogen bond analysis.

3.2.1. Assessment of Stability through RMSD and RMSF.
The structural movements are crucial for the functionality and
existence of proteins inside the living system. The structural
deviations of Tf and Tf-HupA were examined within the
hydrated atmosphere to check their structural stability while
simulating. The RMSD of Tf and its complex with HupA was
checked, which remained stable during the simulation
trajectories of 100 ns. The RMSD plot for Tf and Tf-HupA
complex showed the stability attained just after 20 ns. The
RMSD of the docked complex is similar to the apo state of the
protein, with minimal increment (Figure 4A, left). Notably, the
RMSD fluctuations were less than 2 Å for both systems. Visual
inspection of the RMSD values clearly showed that the Tf-
HupA complex was stable throughout the trajectory. The
complex showed no significant deviation in the RMSD pattern
(Figure 4A, right). On the whole, the RMSD spectrum of both
systems does not show any significant structural shifts, which
indicates the stability of the Tf structure and intensity of HupA
binding inside the protein’s active site.

RMSF is essential in getting insights into the residual
flexibility of a protein.52 RMSF study of each residue in Tf
before and after HupA binding was carried out to see the
impact of ligand binding on the local structure of the protein.

Figure 2. Selected docked pose of HupA and its corresponding (A) 2D and (B) 3D interaction plots.

Figure 3. Total energy of Tf (black) and Tf-HupA complex (red).
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Like RMSD plots, the RMSF fluctuations deviate from their
native position after the ligand binding (Figure 4B, left). The
major fluctuations were only seen in the loop and coil regions
compared to regions formed by β-sheets and α-helices. This
can be correlated with the docking results where sheets and
helices accommodated the HupA interactions and got it stayed
inside the binding pocket. A reduced residual index window of
480−500 amino acid positions was noticed, indicating pocket
residues accelerating ligand binding. The distribution proba-
bility plot also indicated that the average fluctuations were
similar in both the systems (Figure 4B, right).

3.2.2. Assessment of Compactness and Folding through
Rg and SASA. Rg has been a useful parameter to explore in MD
simulation studies to evaluate the compactness of the protein
and protein−ligand complex. We have computed the Rg of
both the systems to measure their shape at each time-point by
comparative analysis (Figure 5A). The Rg values were reduced
in the ligand-bound Tf’s production phase, indicating its

compactness during the simulation. The average Rg values for
Tf and Tf-HupA were 2.89 and 2.80 nm, respectively. A minor
decrease in average Rg indicated that the Tf structure got
compacted after HupA binding. Although, this minor decrease
does not appear to cause any significant conformational
adjustments in the protein structure. The analysis indicated
that the Tf-HupA docked complex was reasonably stable and
maintained during the simulation (Figure 5A, right).

To further investigate the folding mechanism of Tf before
and after HupA binding in the simulation course, we assessed
the surface area of Tf accessible to its adjacent solvent,
generally termed SASA. The time evolution of the SASA values
was studied for the 100 ns trajectory of both systems (Figure
5B, left). The total SASA values computed for Tf and Tf-HupA
were 298.25 and 299.96, respectively. The distribution of
SASA was considerably similar in the case of both systems, Tf
and Tf-HupA docked complex. It showed a reasonable

Figure 4. Conformational dynamics of Tf and Tf-HupA complex. (A) Time-evolution of the RMSD values. (B) RMSF graph depicting the
deviation in the residual movement of Tf.

Figure 5. Structural compactness of Tf and Tf-HupA complex during the simulation time. (A) Time evolution of the Rg values. (B) Time evolution
of the SASA during the simulation.

Figure 6. Intramolecular H-bonding within the structure of the Tf protein during the simulation.
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equilibration throughout the 100 ns simulation without any
substantial shift (Figure 5B, right).

3.2.3. Structural Integrity and Complex Stability through
Intra-/Intermolecular Hydrogen Bonds. The integrity of a
protein structure and complex stability can be assessed by
studying the formation and stability of the H-bonding during
simulation.53 We have monitored the intramolecular hydrogen
bonds in Tf before and after HupA binding. The stability of the
Tf structure and its docked complex with HupA is sustained by
several intra-/intermolecular interactions such as electrostatic,
H-bonding, hydrophobic interactions, etc. The intramolecular
H-bonding analysis showed that H-bonding had a significant
impact on maintaining the 3D structure of the protein
throughout the simulation trajectories (Figure 6). The average
number of hydrogen bonds estimated for Tf before and after
HupA binding were 500 and 498, respectively. The plot
indicated that intramolecular hydrogen bonds in Tf showed
steadiness during the simulation time even after binding with
HupA. The continual stability of these bonds maintained the
geometry of the protein during the simulation.

To examine the stability of intermolecular H-bonds formed
between HupA and Tf, we have explored the trajectory for
intermolecular H-bonding and plotted it as a function of time
(Figure 7). The plot showed that up to six hydrogen bonds
were formed between the ligand and protein but with less
stability. However, 2−3 hydrogen bonds showed decent
stability throughout the simulation (Figure 7, left). The
probability distribution plot also indicated that two hydrogen
bonds were predominantly formed in the Tf-HupA complex
(Figure 7, right). The intermolecular hydrogen bond analysis is
highly consistent with the static result from the molecular
docking of Tf-HupA, where three hydrogen bonds were
involved in complex formation (Figure 2).

3.3. Principal Component Analysis. Principle compo-
nent analysis (PCA) is a statistical computation to reduce the
complexity of MD trajectories by extracting just the collective
motion of Ca backbone atoms. PCA was carried out to
measure the space occupied by the conformational sampling
and transition dynamics of Tf before and after HupA binding.

The 2D projection of the MD trajectory data for principal
components (PCs), i.e., PC1 and PC2 for the Tf and Tf-HupA
complex, are shown in Figure 8. The PCA plot uncovered that
2D projections of the Tf-HupA complex occupied lesser phase
space than the free state of Tf with well-defined clusters
(Figure 8A). The projection of eigenvector (EV)-1 and EV-2
was also plotted with respect to time (Figure 8B). The
explanations were parallel to the 2D projection of the
trajectories where the Tf-HupA complex is more stable than
the free state of the protein. The PCA analyses revealed that
the HupA binding to Tf reduced the flexibility of the protein
structure. The PCA confirms well with the lower flexibility in
the docked complex compared to the free state of the protein.
This indicates the overall stability of the Tf-HupA complex
during the simulation run.

3.4. Free Energy Landscape Analysis. The free energy
landscapes (FELs) generated through PCA are a graphical
illustration of the protein conformations concerning energy
and phase spaces.42 The FEL analysis distinguishes protein or
protein−ligand complexes’ kinetic and thermodynamic estates.
To evaluate the overall stability and folding mechanism of Tf
before and after HupA binding, FELs were generated in
discrete rainbow representations (Figure S4). The figure
showed the FELs projected onto the PC1 and PC2 of the Tf
and Tf-HupA complex. The contour maps showed the size and
shape of the global minima (in dark blue), which indicated that
the Tf-HupA complex has more stability than the free state of
the protein (Figure S4). The reduced and more consolidated
blue phase indicated that the corresponding structure is more
stable. Overall, FEL analysis suggested that Tf, when bound
with HupA, became much more thermodynamically stable and
had less flexible dynamics than apo Tf during the simulation
(Figure S4B).

3.5. MMPBSA Binding Free Energy. The binding free
energy of HupA with Tf was calculated from the MD trajectory
of a 10 ns stable region, i.e., between 50 and 60 ns. HupA
shows an appreciable binding affinity with Tf, i.e., −108.24 ±
16.82 kJ/mol. The MMPBSA result supported the observation
that HupA binds to Tf with an appreciable binding affinity.

Figure 7. Intermolecular hydrogen bonds between HupA and Tf during the simulation time.

Figure 8. Principal component analysis. (A) 2D projection plot of the conformation sampling of Tf on EV1 and EV2. (B) Time evolution of
conformational projections on EV1 and EV2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03185
ACS Omega 2022, 7, 38361−38370

38366

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03185/suppl_file/ao2c03185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03185/suppl_file/ao2c03185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03185/suppl_file/ao2c03185_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.6. Fluorescence Based Binding. Researchers have used
fluorescence-based binding studies to study protein−ligand
interactions.54 All the above observations depicted stable and
strong binding of HupA to Tf. Thus, a fluorescence-based
binding assay was carried out to validate all the in silico
observations. The fluorescence-based assay ascertains the
actual binding affinity of a ligand with the protein. Figure 9
shows the fluorescence spectra of Tf in the absence and
presence of a varying concentration of HupA (0−10 μM). It is
apparent that with increasing HupA concentration, there was a
visible decrease in Tf’s fluorescence,referred to as fluorescence
quenching. This quenching of fluorescence in the presence of
varying HupA concentrations reveals that a complex formation
occurs between Tf and HupA. Further, this data was
mathematically evaluated using a modified Stern−Volmer
equation (eq 1) to have an insight into the strength of the
binding by finding the binding constant (K) of the Tf-HupA
complex.

F F
F

K n Clog log log0 = + [ ]
(1)

F0 corresponds to the maximum fluorescence intensity of free
hTf. F shows the fluorescence intensity of the complex. K
corresponds to the binding constant, while n depicts the
binding sites. C refers to the concentration of ligand.

HupA showed excellent binding affinity to Tf with a binding
constant of 0.2 × 106 M−1 and is comparable to the binding
constant obtained for binding of HupA with HSA.28 Hence,
the in silico observations coupled with the fluorescence binding
affirm significant binding of HupA to Tf.

3.7. Isothermal Titration Calorimetry (ITC). After
confirming the binding of HupA with Tf through computa-
tional approaches and fluorescence binding, ITC was deployed
to ascertain the binding energetics of the system and decipher
the associated thermodynamic parameters with the binding.
ITC reveals the molecular forces that are involved in the
binding process. The heat released or absorbed in the sample
cell due to the formation or dissociation of the protein−ligand
complex is measured with respect to a reference cell filled with
buffer. The obtained isotherm (Figure 10) advocates the
spontaneous binding of HupA with Tf. The upper panel (each
peak in the isotherm) corresponds to a single injection of
HupA into Tf solution, while the lower panel depicts the
integrated plot of heat released per injection as a function of
the molar ratio of ligand to the protein. The number of binding

sites (n), binding constant (K), enthalpy change (ΔH), and
entropy change (ΔS) were determined directly by curve
fitting.34 It is evident from the ITC isotherm that negative heat
deflection is obtained, implying the binding to be exothermic.
Table 1 gives the associated binding and thermodynamic
parameters of the Tf-HupA system.

4. CONCLUSIONS
Exploring natural compounds with well-defined targets allows
experimentalists to test their efficacy for therapeutic develop-
ment. In this study, we explored the plausible binding of HupA
with Tf to propose it in anti-AD therapy. An integrated
approach of in silico and in vitro experimentations was
employed to examine the possible binding of HupA with Tf.
The results show that HupA has many drug-like properties,
which might be considered a good therapeutic agent in AD
management. Moreover, the binding properties of HupA with
Tf seem to be excellent in terms of interaction and stability.
Fluorescence spectroscopy and ITC ascertained the binding
affinity of HupA with Tf, revealing the formation of a stable Tf-
HupA complex. The docking study suggested that HupA binds

Figure 9. (A) Fluorescence emission spectra of Tf in the absence and presence of varying HupA concentrations (0−10 μM). (B) Data fitted into
modified Stern−Volmer equation for Tf-HupA interaction.

Figure 10. ITC profile of the Tf-HupA system. The sample cell was
filled with 20 μM Tf, while the syringe contained 500 μM Hup A.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03185
ACS Omega 2022, 7, 38361−38370

38367

https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03185?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with a proper conformation within the active region of the Tf
binding pocket. The simulation study showed a deeper insight
into backbone fluctuations and structural stability of the
protein−ligand complex. The MD results depict the structural
stability of the Tf-HupA docked complex throughout the
trajectory. The PCA and FEL analyses showed that the Tf-
HupA complex has more stable behavior than the free form of
Tf. In conclusion, based on the results from the current study,
we can state that HupA can be explored further in improving
its efficacy and specificity toward Tf in AD management.
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