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Abstract: Human serum albumin (HSA) is the most abundant protein in plasma synthesized by the
liver and the main modulator of fluid distribution between body compartments. It has an amazing
capacity to bind with multiple ligands, offering a store and transporter for various endogenous
and exogenous compounds. Huperzine A (HpzA) is a natural sesquiterpene alkaloid found in
Huperzia serrata and used in various neurological conditions, including Alzheimer’s disease (AD).
This study elucidated the binding of HpzA with HSA using advanced computational approaches
such as molecular docking and molecular dynamic (MD) simulation followed by fluorescence-based
binding assays. The molecular docking result showed plausible interaction between HpzA and HSA.
The MD simulation and principal component analysis (PCA) results supported the stable interactions
of the protein–ligand complex. The fluorescence assay further validated the in silico study, revealing
significant binding affinity between HpzA and HSA. This study advocated that HpzA acts as a latent
HSA binding partner, which may be investigated further in AD therapy in experimental settings.

Keywords: Huperzine A; molecular dynamics simulation; fluorescence spectroscopy; human serum
albumin; neurodegenerative disorders; drug–protein interactions

1. Introduction

HSA is a major transporter and the most abundant protein in the plasma. It is respon-
sible for balancing the osmotic pressure and is a major regulator of fluid distribution in
the body. HSA exhibits astonishing ligand-binding capabilities, acting as a warehouse and
transporter of many endo- and exogenous compounds [1]. This promiscuous, nonspecific
affinity can lead to sudden changes in concentrations caused by displacement when two or
more compounds compete for binding to the same molecular site [2]. HSA, a major carrier
in the human circulatory system performs a key function of circulating various compounds
such as drugs [3]. HSA interactions with drugs alter proteins’ pharmacokinetics and phar-
macodynamics as well. Free drugs diffuse inactively across the membranes via specific
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transporters to interact with their respective protein targets [4]. A pivotal step in the domain
of drug discovery is the investigation of the pharmacokinetics and pharmacodynamics
of drugs. Pharmacological profiling of drugs offers understanding of the interactions of
vital therapeutic drugs or derivatives with either plasma or target tissue proteins [5]. The
binding of a drug to HSA is a critical factor determining its pharmacological profiling
and distribution [6]. In medicinal chemistry, studies pertaining to plasma proteins and
drugs binding are attracting researchers across the globe, because these studies provide
a platform to study drugs’ behavior and action, thereby delineating their transport and
distribution characteristics in the circulatory system. Furthermore, it is also vital to study
the protein–protein or protein–drug interactions to make progressive inroads in the ad-
vancements made in pharmaceutical industry [7]. HSA is the main plasma protein, and it is
imperative to study binding of drugs with HSA. Thus, this study aimed at investigating the
binding mechanism of HpzA to HSA. HSA is a one-chained polypeptide weighing 66.5 kDa.
The 585 amino acid polypeptide assembles in a heart-shaped structure [1]. The protein
displays two specific sites for drug binding as specified using Sudlow’s fluorescent probe
displacement method. According to the Sudlow’s classification, there are two main binding
sites for drug ligands of HSA, namely, subdomain IIA (site IIA) and IIIA (site IIIA) [8].
Site IIA, positioned in subdomain IIA, concerns with the selective binding of heterocyclic
anions, while aromatic carboxylates bind to the site IIIA that is located in subdomain IIIA,.
For example, ibuprofen binds to site IIIA and warfarin to site IIA [9]. The binding of all
the ligands cannot be considered under Sudlow’s model. Site IB, a third binding pocket,
located in subdomain IB, is a hydrophobic D-shaped cavity, is also used for interaction by
some compounds such as bilirubin [10]. A study [11] suggested site IB as the third major
site having the potential to bind drug ligands of HSA.

AD, the sixth leading cause of claiming lives worldwide, is a progressive, neurode-
generative disorder. The condition is characterized by impairments in mental functions,
amnesia, and dementia [12]. The major hallmarks of the condition are accumulated amyloid
β-peptide (Aβ) in plaques, the formation of neurofibrillary tangles (NFTs), and degenera-
tion of neurons. The mechanism by which neurons degenerate is still unclear and needs
extensive research. Aβ accumulation and deposition can cause neurodegeneration by many
mechanisms, such as inflammation, oxidative stress, and apoptosis. In addition to the ge-
netic factors, environmental factors such as neurotoxins, stress, etc. play a major role in AD
progression [13]. Reactive oxygen species (ROS) creates a condition of oxidative stress that
leads to cell death, oxidative bursts, accumulation of spare free metals, etc. These have been
hypothesized as major mediators in AD progression and neurodegeneration. Postmortem
reports have indicated apoptosis as a major event in neurodegeneration and AD [14].

HpzA, a Lycopodium alkaloid, is a Chinese medicine isolated from Qiang Ceng Ta,
the whole plant of Huperzia serrata. The plant belongs to the Huperziaceae family, and it
has gained wide popularity due to its anticholinesterase (AChE) and anti-AD properties.
The alkaloid also acts as a remedy for various ailments such as strains and swellings and
neurological disorders such as schizophrenia and neurodegenerative disorders [15]. HpzA,
a well-known AChE inhibitor, has properties superior to those of FDA-approved drugs such
as donepezil, galantamine, etc. [16]. Figure S1 describes the 2D and 3D structural features
of HpzA. Extensive clinical trials for the HpzA conducted in China showed enhanced
memory in elderly individuals, subjects with issues related to amnesia, and AD patients.
The naturally extracted ligand has also been through various extensive clinical trials on
vascular dementia, showing improved cognitive function in subjects with AD [17]. In
this introductory study, we report the plausible binding of HpzA with HSA. A molecular
docking study was performed primarily to explore the possible interactions and binding
affinity of HpzA towards HSA and was followed by MD simulation studies for 100 ns.
Computational studies suggested plausible binding of HpzA with HSA, which was further
validated by fluorescence-based binding assays. Thus, this study delineates the mechanism
of binding of HpzA with HSA by employing spectroscopic and in silico approaches.
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2. Results
2.1. Molecular Docking

The functional activity of a protein changes broadly upon conformational alterations
induced by ligand binding. The molecular docking approach can systematically consider
potential binding modes for a protein–ligand system [18]. The blind docking approach was
used to find all possible interactions between HpzA and HSA. HpzA has multiple binding
sites on has, with varying affinities. All the docking sites and their docking energies are
depicted in Figures S2 and S3, respectively. Out of nine docked conformations of HpzA
in the splitting process, the preferable docked conformation was taken and explored in
detail. The selected conformation of the docked HpzA showed a considerable binding
score of −7.2 kcal/mol. It had LE and pKi values 0.4 (kcal/mol/non-H atom) and 5.28,
respectively. The docking score affirmed HpzA as a plausible binding partner of HSA.
Figure 1 shows the binding mode of HpzA with HSA. HpzA was shown to have a decent
structural complementarity with good binding affinity. It showed various interactions with
the key residues of the HSA binding pocket, such as one hydrogen bond with His266 and a
few other noncovalent interactions with important HSA residues (Figure 1). The binding
site of HpzA is located in domain II of HSA, but Tyr172, Tyr174, and Glu177 of domain I
also participate in the interaction. HpzA binds at the Sudlow site I of HSA. The surface
representation of HSA showed HpzA fitted inside the deep cavity of the binding site, which
might cause significant changes to the conformational activity of HSA (Figure 1).
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Figure 1. The binding of HpzA with HSA. Ribbon and surface representation of HSA protein showing
various interactions and docking fit of HpzA (UniProt ID: P02768).

The selected docking pose of HpzA with HSA was further subjected to a detailed
analysis of possible interactions. The generated 2D plot showed that HpzA occupied the
hydrophobic pocket of HSA bordered by residues Tyr174, Glu177, Lys219, Gln220, Lys223,
Leu262, His266, Cys269, Arg281, His312, and Ala315 (Figure 2A). The plot suggested that
HpzA was tightly bound with HSA with the help of one hydrogen bond with His266 and
several hydrophobic contacts. HpzA showed multiple van der Waals interactions with
Glu177, Gln220, Leu262, and His312 of HSA. The phenolic moiety at the end of HpzA
occupied a crucial binding cleft of HSA formed by different residues (Figure 2B). As a whole,
the HpzA binding with HSA suggested that it could disrupt the structural conformation of
the protein, which may further result in altering HSA’s binding capability.
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2.2. MD Simulations

Many studies have used the MD simulation approach to investigate ligand binding
with proteins [7,19–21]. All-atom MD simulations were carried out for the docked complex
of HSA–HpzA and compared with those for the free state of HSA. Plots for root mean
square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg),
and solvent accessible surface area (SASA) fluctuations, along with hydrogen bond analysis,
were generated and analyzed in detail. The analysis of RMSD assists in understanding the
stability of a protein and protein–ligand complex. To explore structural deviations in HSA,
we used RMSD examination of the simulated protein and protein–ligand complex. As
examined, both HSA and the HSA–HpzA complex reached the equilibrium phase without
any major shift in the RMSD pattern (Figure 3A, left panel). The protein–ligand complex
was stable throughout 100 ns simulation. The analysis of the generated plots suggested
a small amount of fluctuation at the beginning in the RMSD values of the HSA–HpzA
that was possibly due to the initial adjustment of the system. As a whole, HSA showed a
small number of fluctuations in its backbone in the simulation, but no significant shift was
observed (Figure 3A, right panel).
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Exploring RMSFs is helpful in understanding the fluctuations in the protein residues
during the course of the simulation [22,23]. The RMSFs were recorded for each residue in
HSA and plotted for analysis purposes. The RMSF analysis emphasized possible residual
movements in HSA in free and ligand-bound states (Figure 3B). The compared RMSF values
between the free and ligand-bound HSA suggested that the residual fluctuations were
decreased and compacted the ligand-bound state of HSA during the simulation (Figure 3B,
left panel). The results suggested that the fluctuations in the residues were minimized upon
binding of HpzA. However, a few increased fluctuations were observed in the HSA residues
corresponding to the loop region far from the ligand site. RMSF values distribution plot
revealed that the residual fluctuations were minimized after HpzA binding, which further
confirmed a robust constancy of the protein–ligand complex (Figure 3B, right panel).

Calculating and examining the Rg of a protein is useful to measure the shape of
the protein based on its hydrodynamic radius [18,23–25]. The Rgs of HSA and the HSA–
HpzA docked complex were calculated to assess their structural compactness during the
simulation (Figure 4A). The average Rg values of free HSA and the HSA–HpzA docked
complex were 2.76 nm and 2.80 nm, respectively. The pattern of Rg values of HSA was
like that of the Rg values of HSA and the HSA–HpzA docked complex, but with a minor
increase (Figure 4A, left panel). This minor increase could have resulted from the occupancy
of intramolecular space of HSA by HpzA. The distribution plot of Rg values also indicated
a slight increase in the Rg of the HSA–HpzA docked complex compared to that of the free
state of HSA (Figure 4A, right panel).
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SASA delineates the folding mechanism of a protein structure by analyzing the pro-
tein’s solvent accessibility [26]. SASA values were calculated and plotted to investigate
the surface area of HSA and the HSA–HpzA docked complex during the simulation, the
(Figure 4B). The results indicated that the SASA values were minorly increased for HSA in
ligand-bound state. This slight increase in the values of SASA indicated that a number of
internal residues might be exposed to the surface post the binding of HpzA (Figure 4B, left
panel). The distribution plot of SASA values also indicated a slight increase in SASA of the
HSA–HpzA docked complex (Figure 4B, right panel).

Dynamics of Intra-/Intermolecular Hydrogen Bonding

Hydrogen bonds are necessary for maintaining the structural conformation of a pro-
tein [27]. Analysis of hydrogen bonding is useful to assess the stability of a protein and
protein–ligand complex [27]. The stability of HSA and the HSA–HpzA docked complex
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was examined by exploring the formation of intramolecular hydrogen bonds (Figure 5). The
analysis of the intramolecular hydrogen bonds formed within HSA indicated the formation
of several hydrogen bonds, which maintained the integrity of HSA’s three-dimensional
structure. The average hydrogen bonds estimated within HSA before and after the HpzA
binding were 480 and 467, respectively. The plot indicated a significant decline in hydrogen
bonds in HSA when it formed a complex with HpzA, which was possibly due to the
ligand’s occupancy of intramolecular space in the binding pocket of HSA. The binding
of HpzA might cause a hindrance in the formation of intramolecular hydrogen bonding
within HSA. However, the plot suggested that this decrement in the formation did not lead
to any major shift, which resulted in maintaining the geometry of the HSA structure during
the simulation. The PDF distribution also indicated a decrease in intramolecular hydrogen
bonding within HSA when bound to HpzA (Figure 5B).
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The formation of intermolecular hydrogen bonds plays a crucial role in the stability
and directionality of a protein–ligand complex [28]. The intermolecular hydrogen bonds
can be explored to measure the strength of a ligand towards the binding pocket of a protein.
The hydrogen bonds formed between HpzA and HSA were recorded and plotted to
explore their formation and breakdown during the simulation (Figure 6A). Analysis of the
generated plot indicated the formation of up to three hydrogen bonds during the simulation
time. The analysis clearly indicated that at least one hydrogen bond was formed during the
simulation time. This strong hydrogen bond could be correlated with the molecular docking
observation that His266 was involved in the conventional hydrogen bond formation. The
analysis suggested the importance of intermolecular hydrogen bonding in the ligand
binding to form a stable complex. The PDF plot indicated that at least one hydrogen
bond was formed with higher probability and stability in the HSA–HpzA docked complex
(Figure 6B).
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2.3. Principal Component and Free Energy Landscape Analyses

Principal component analysis (PCA) is an arithmetic technique to reduce the complex-
ity of MD trajectories by obtaining the collective motion of Cα atoms. It is vital to evaluate
the stability of proteins and protein–ligand complexes [29,30]. PCA was performed to
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evaluate the conformational projection and transition dynamics of HSA with HpzA. The
2D projections of the first two principal components (PCs), PC1 and PC2, for HSA and
HSA–HpzA is presented in Figure 7A. The analysis revealed that the 2D projection of
HSA showed smaller phase space than that of HSA–HpzA. The projection of the first
two eigenvectors (EVs), EV1 and EV2, showed the time evolution of the HSA projection,
which indicated a similar pattern of trajectories (Figure 7B). The PCA showed that HSA
and HSA–HpzA had similar correlated motions without significant change. However, the
ligand-bound HSA explored a wider phase space on both EVs, which indicated its higher
dynamics. The PCA confirmed that the HSA–HpzA complex was quite stable during the
simulation and behaved like the free state of HSA.
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Free energy landscape (FEL) analysis based on PCA has been utilized in representing
protein conformations in a time evolution manner [31]. The FEL distinguishes the kinetic
and thermodynamic estates of proteins and protein–ligand complexes. The FELs depend on
the prospect of an arrangement of specific data points and converting them to free-energy
values. FELs analysis was performed to investigate the conformational stability underlying
HSA–HpzA binding. Figure 8 shows the FEL plots projected onto PC1 and PC2 of HSA
and the HSA–HpzA complex for Cα atoms. The centralized blue zones suggested that
the subsequent system was stable at that moment. The dimension and appearance of the
minimum energy space, called the global minimum (in blue) in the FELs, indicated that the
HSA–HpzA system was more stable than HSA. HSA and HSA–HpzA displayed a single
global minimum confined within a large basin. The FEL analysis further validated our
previous observations that HSA, when bound with HpzA, was stable and reached a more
thermodynamically stable conformational state (Figure 8B).
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2.4. Fluorescence-Based Binding

Fluorescence spectroscopy serves as an important technique to provide an insight into
the protein–ligand interactions, revealing different binding parameters that give an idea
about the strength of interaction between a protein and ligand [32]. Intrinsic fluorescence de-
picts changes in the local microenvironment of aromatic amino acid residues and this serves
as an important technique in determining the protein-ligand complex formation [33,34].
When a decrease in the fluorescence of native protein is observed with increasing con-
centration of the ligands, it is referred to as fluorescence quenching [35]. Fluorescence
quenching was performed at three different temperatures (15, 20, and 25 ◦C). Fluorescence
emission spectra of free HSA and HSA with different HpzA concentrations (0–11 µM) at
various temperatures are shown in Figure 9A–C. Native HSA showed fluorescence emis-
sion maxima at 346 nm. There was a noticeable decrease HSA’s fluorescence intensity with
increasing HpzA concentration, with no peak shift. Fluorescence quenching can be either
static, dynamic, or a combination of both [36]. The deviation of the binding parameters with
temperature delineates the operative quenching for a particular interaction. The quenching
data obtained were fitted into the Stern–Volmer, modified Stern–Volmer, and van ‘t Hoff
equations to obtain various binding and thermodynamic parameters for HSA–HpzA inter-
action as per previously published reports [37,38]. Table 1 shows the obtained values of the
Stern–Volmer constant (Ksv) at various temperatures, which were found to increase with
increasing temperature, revealing the existence of the dynamic mode. Moreover, to confirm
the quenching mode, a biomolecular quenching rate constant (Kq) was calculated using
Ksv = Kq/τ0 (τ0 = 2.7 × 10−9 s), and the value was found to be higher than that of the maxi-
mum dynamic quenching constant (nearly 1010 M−1 s−1) [39], confirming the existence of
a combination of static and dynamic quenching. Figure 10A shows the experimental fitting
obtained in accordance with the modified Stern–Volmer equation. The slope of the plot
gives the number of binding sites (n) while the intercept gives the binding constant (K).
HpzA binds to HSA with a high binding affinity, (K = 9.3 × 105 M−1 at 25 ◦C). The value of
K was found to increase at a higher temperature suggesting that the HSA–HpzA complex
is more stable at high temperatures. These observations affirm in silico results advocating
the significant binding affinity between HpzA and HSA. Thermodynamic parameters were
also found for the HSA–HpzA complex fitting the obtained data in the van ‘t Hoff equation.
Figure 10B shows the van ‘t Hoff plot obtained for the HSA–HpzA complex. Table 1 shows
the obtained thermodynamic parameters for the complex. Negative ∆H and ∆S implied
the van der Waals and hydrogen bonding as the dominant forces driving the complex
formation. Moreover, a negative ∆G implied the spontaneous nature of the reaction.
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Table 1. Binding and thermodynamic parameters obtained for the HSA–HpzA complex from fluores-
cence quenching studies.

Temperature
(◦C)

Ksv
(104 M−1)

K
105 M−1 n ∆G

kcal mol−1
∆S

cal mol−1 K−1
∆H

kcal mol−1
T∆S

kcal mol−1

15 1.8 0.36 1.07 −7.78

−165.26 −55.38

−47.59

20 3.33 1.17 1.10 −6.96 −48.42

25 5.19 9.35 1.25 −6.13 −49.24
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3. Materials and Methods
3.1. Materials

HSA (fatty acid-free) and HpzA (42643) were purchased from Sigma-Aldrich Co.
(St. Louis, MO, USA). We used double distilled for the preparation of all buffers. HSA
stock solution (75 µM) was made in 20 mM sodium phosphate buffer, pH 7.4. Appropriate
blanks were used as control, and the reported spectra are the subtracted spectra. We used
analytical grade chemicals for buffer preparations.

3.2. Receptor and Ligand Preparation

HSA structure was obtained from the Protein Data Bank with PDB-ID: 6HSC in a three-
dimensional state. The structure of HpzA was taken in SDF format from the PubChem
database with PubChem CID: 854026 in a three-dimensional state. The water molecules
and other cocrystallized ligands (i.e., aristolochic acid, myristic acid, and 1,2-ethanediol)
present in the protein structure were removed PDB file and optimized through the Swiss-
PDB-Viewer tool (2021) [40]. The PDB files of receptor HSA and SDF file of the ligand
HpzA were converted in the required format, i.e., PDBQT by InstaDock [41]. Appropriate
atom types were assigned to both protein and ligand structures before performing docking.

3.3. Molecular Docking

The prepared files of the receptor and ligand structures were utilized for docking
study using the InstaDock software [41]. InstaDock was used to calculate binding free
energy between the protein–ligand complex by employing the AutoDock Vina [42] scoring
function. The grid box for docking search was set blindly to facilitate free moving and
searching on HSA by HpzA. The grid coordinates were summarized as 86 Å × 62 Å × 76 Å,
centralized at 25.53, 9.51, and 20.27 for X, Y, and Z, respectively. The spacing of 1 Å was
utilized in the docking box with default parameters. The docking result was saved in a
separate directory for further analysis of the protein–ligand complex. The negative decimal



Molecules 2022, 27, 797 10 of 13

logarithms of the inhibition constant as pKi and ligand efficiency were also estimated from
the docking result through the inbuilt program of InstaDock.

3.4. Interaction Analysis

To explore the possible interactions between HpzA and HSA, all the docked confor-
mations for the ligand output file were separated. The interaction analysis of HpzA with
HSA was carried out through the Discovery Studio Visualizer (2021) [43] and PyMOL
(2021) [44] tools. First, the binding pose of HpzA with HSA was selected based on the
specific interaction, and then the HSA–HpzA protein–ligand complex was generated for
further studies in MD simulation.

3.5. MD Simulations

GROMACS [45] v.2020 beta was utilized to execute the all-atom MD simulations for
examining the reliability of the HSA–HpzA docking complex in solvent conditions. The
Gromacs parameters for HpzA were generated from the PRODRG server [46] to prepare
a protein–ligand complex system. Free HSA and the docked complex were implanted
in the simple point charge (SPC) solvent model. HSA and the docked complex, HSA–
HpzA, were neutralized with an appropriate number of counter ions (Na+ and Cl−). The
salt concentration was kept at physiological condition, i.e., 0.15 M. Both systems were
stipulated on periodic boundary conditions, and the SHAKE algorithm was applied for
limiting the movement of all bonds. The energy minimization of both the systems was
performed using the steepest descent algorithm with and without solute restraints [18].
Then, 1000 ps simulations were performed in NVT and NPT ensembles at temperature
300 K. To control the temperature and pressure during the simulation, the Berendsen
thermostats and barostats were applied. Both the relaxed systems were subjected to a
final MD run for 100 ns with a time step of 2 fs [47]. For analysis purposes, RMSD, RMSF,
Rg, SASA, and hydrogen bonding were recorded. The recorded trajectories were checked
for the stability of the HSA–HpzA docked complex in comparison with that of the free
state of HSA.

3.6. Principal Component Analysis and Free Energy Landscape

Principal component analysis (PCA) is a comprehensive and useful tool to investigate
conformational changes of proteins [29]. The theoretical notes on PCA have been explained
in various preceding reports [29,31,48]. To realistically discover the variations in the
structural configuration of HSA and the HSA–HpzA docked complex, PCA was employed
on the equilibrized trajectories from the MD study. The PCA was performed using the
GROMACS utilities by calculating the eigenvalues (EVs) and their projection along the two
principal components (PC1 and PC2). FEL analysis has been widely used in examining
the folding mechanisms and overall stability of protein and protein–ligand complexes [49].
FELs for HSA and the HSA–HpzA docked complex were generated through the gmx sham
tool of the GROMACS package.

3.7. Fluorescence-Based Assay

Fluorescence-based binding was carried out on a Jasco spectrofluorometer FP 6200
(Jasco, Tokyo, Japan). HSA was excited at 280 nm with the emission range set at 300–400 nm.
We analyzed the quenching data as per earlier published studies [32,50].

All the experiments were performed in triplicates.

4. Conclusions

The possible binding of HpzA with HSA was explored by utilizing molecular docking,
MD simulation, PCA, and FEL analyses. Docking results indicated that the binding of HpzA
with HSA showed an appreciable binding affinity and many intermolecular interactions.
MD trajectory analyses (i.e., RMSD, RMSF, Rg, SASA, and hydrogen bonding) suggested
that the HSA–HpzA docked complex was quite stable with minimal conformational alter-
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ations. Moreover, PCA and FEL analyses of HSA and HSA–HpzA confirmed that both
the systems were stable without any significant change. However, a minor change in the
shape and position of the global minima of HSA when bound to HpzA indicated that the
HpzA might alter the conformational shape of the binding site of HSA. Fluorescence-based
binding ascertained the actual binding affinity between HpzA and HSA, suggesting that
HpzA binds to HSA with a significant affinity, validating the in silico observations. Overall,
this study reinforces the idea that HSA–HpzA interactions can be explored in AD. The
results contribute in many ways to our knowledge and provide a base for setting up an
experimental platform of HpzA interactions with HSA to explore them in AD management.

Supplementary Materials: The following supporting information can be downloaded online.
Figure S1: Molecular structure of Huperzine A: (A) 2D, (B) 3D stick, and (C) 3D ball and stick
model of Huperzine A. Figure S2: Different docked conformations of HpzA with HSA. Figure S3:
Energy table of different docked conformations of HpzA with HSA.
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