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Determination of potential main sites of apixaban binding in
human serum albumin by combined spectroscopic and docking

investigations

Qing Wang, Qiaomei Sun, Peixiao Tang, Bin Tang, Jiawei He, Xiaoli Ma, Hui Li

Abstract: Apixaban (AP, Eliquis®) is a novel pyrazole-based direct factor Xa
inhibitor. This oral drug was developed by Bristol-Myers Squibb and Pfizer to treat
and prevent thrombotic disorders. The single crystallographic data of AP were
obtained with methanol as a solvent and classified as Form N-1. The interaction of AP
with human serum albumin (HSA) was investigated via different spectroscopic
techniques and molecular modeling. Fluorescence quenching between AP and HSA
was observed to be a static process. Complexation by AP was the primary factor
influencing decreases in the fluorescence intensity of HSA. AP fluorescence also
decreased by approximately 20%. H-bonding and van der Waals forces played major
roles in AP-HSA binding. Displacement experiments and molecular docking results
demonstrated that the AP-binding site is mainly found in site 1 of HSA. The effect of
AP binding on HSA esterase-like activity also confirmed this binding site.
Three-dimensional fluorescence and circular dichroism studies showed that AP exerts
minimal effects on the local conformation of HSA. This study provides useful
information with which to better understand the utilization of AP.
1. Introduction

Venous thromboembolism (VTE) is a common vasculature disease with two
clinical manifestations: deep vein thrombosis and pulmonary embolism."” * For
decades, clinicians exclusively used intravenous or subcutaneous unfractionated
heparin and oral vitamin K antagonists for VTE prophylaxis.® Recently, however,
subcutaneous low-molecular-weight heparins and fondaparinux, which is a factor Xa
(FXa) inhibitor, were developed.4 Apixaban (AP, Eliquis®) is a novel oral
pyrazole-based direct FXa inhibitor; this drug was developed by Bristol-Myers
Squibb and Pfizer to treat and prevent thrombotic disorder.™® Since May 2011, AP has
been approved for VTE prevention in adult elective hip or knee replacement patients
in various countries, such as the USA, China, Brazil, Australia, New Zealand, and
some European countries.” FXa inhibition enhances thrombin inhibition; thus, FXa
inhibitors present better tolerability profiles than conventional antithrombotic
medications, such as warfarin (WF).”” AP inhibits FXa by binding to its FXa active
site; the formation of this complex is reversible and highly selective.'’ AP is relatively
bioavailable, reaches peak concentrations at approximately 3 h after administration,
and presents a half-life of approximately 12 h.'""'* Physicians generally recommend
that AP be orally administered twice daily to reduce peak-to-trough drug level
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fluctuations and achieve less bleeding than that observed with once-daily
anticoagulant treatment.

Human serum albumin (HSA), one of the most abundant blood plasma proteins,
binds and transports several exogenous and endogenous substances; it also performs a
key function in various biological systems and processes.”> The protein has multiple
hydrophobic binding sites that can bind to a diverse set of drugs.'*'> Drugs in the
bloodstream can extensively and reversibly bind to HSA.'™ ' In pharmacology,
protein interactions can affect the biological activity and toxicity of drugs. AP binds to
serum proteins in vitro (87%) and in serum obtained from humans receiving the drug
(93%); the drug also displays a greater degree of binding to albumin than to a-acid
glycoprotein in vitro (66% vs. 9%).* However, details of this binding (e.g., binding
mechanism, binding site, etc.) have not been reported.

In the present work, several spectroscopic molecular and docking methods were
performed to investigate AP-HSA interactions. Prior to these techniques, crystalline
AP was obtained and analyzed by single crystal X-ray diffraction. Previous studies
have reported the polycrystalline phenomena and basic cell parameters of AP,'"*?' but
a discussion on its stereochemistry is not yet available. The present study is necessary
to improve the current understanding of the characteristics of AP at the atomic level.
Fluorescence spectrometry was used to determine the AP-HSA binding affinity and
investigate the interaction thermodynamics. Various molecular interactions can
decrease fluorescence; thus, we focused on the main causes of AP-induced decreases
in HSA fluorescence. Displacement and molecular docking techniques are useful
methods to establish the main binding site on HSA because this molecule exhibits
multiple hydrophobic binding sites, and two primary sites (1 and 2) are known key
determinants of binding specificity.”> % We utilized the esterase-like activity of HSA
to verify the effect of AP on site 2. Drug—protein binding may affect the conformation
and stability of the same protein; thus, three-dimensional (3D) fluorescence and
circular dichroism (CD) studies were performed. The results of this study may
provide valuable information on the mechanism and location of AP binding to HSA.
2. Materials and methods

2.1. Preparation of stock solution

Fatty acid-free HSA (A1887) with an assumed molecular weight of 66 500 g/mol
was purchased from Sigma-Aldrich (St. Louis, USA) and used without further
purification. Stock solutions (20.0 uM) were prepared in Tris-HCI buffer (pH 7.40)
and 0.1 M NaCl. AP (A726700), WF (W498500), phenylbutazone (PB; P1686), and
ibuprofen (IB; 77519) were purchased from J&K Scientific, Ltd. (Beijing, China). AP,
WEF, PB, and IB were dissolved in anhydrous ethanol to obtain 2.0 mM stock
solutions, which were then stored at 0—4 °C until use.

2.2 Materials and equipment

Fluorescence analyses were conducted on a Cary Eclipse fluorescence
spectrophotometer (Varian, USA) equipped with a 1 cm quartz cell. Fluorescence
spectra were obtained at 301, 310, and 318 K, whereas other fluorescence analyses
were performed at 301 K and pH 7.40. AP shows good stability under these
conditions. Fluorescence spectra were measured with 10/5 nm (excitation/emission)
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slit widths unless otherwise specified.

Fluorescence lifetime measurements were obtained by time-correlated single
photon counting (TCSPC) with a Horiba Jobin Yvon FluoroMax-4 spectrofluorometer
(Horiba, France).

AP absorption and the effects of AP binding on the catalytic activity of HSA
toward p-NPA were analyzed with a TU-1901 UV-vis spectrophotometer (Persee,
Beijing, China) at room temperature.

CD spectra were recorded on a CD spectrometer (Model 400, AVIV, USA). The
spectra were obtained at 298 K in a 2 mm quartz cell from 200 nm to 250 nm with a
step size of 1 nm, a band width of 1 nm, and an average time of 0.5 s.

To evaluate the effect of ethanol on the HSA conformation and fluorescence
quenching, 2.0 uM HSA with 1.2% (v/v) ethanol was compared with free HSA by
UV-vis, fluorescence, and CD spectroscopy. No clear changes were observed in the
spectral profiles obtained (Fig. S1), which indicates that the HSA conformation does
not change in the presence of 1.2% (v/v) ethanol. Thus, HSA structural changes were
insignificant under the ethanol volume employed in this work. In this study, all
fluorescence intensities were corrected for the absorption of excited light and the
reabsorption of emitted light. The following relationship was used to correct the

inner-filter effect:**

Aex+Acm
Fcorr = Fobs xXe : (1)
where F.,, and F. are the corrected and observed fluorescence intensities,
respectively, and 4. and 4., are the absorption values of the system at the excitation

and emission wavelengths, respectively.

2.3. Molecular modeling preparation

Discovery Studio 3.1 (DS 3.1; Accelrys Co., Ltd., US) was provided by the State
Key Laboratory of Biotherapy (Sichuan University, China). HSA crystal structures
were obtained from a protein data bank (PDB) for docking simulations; the HSA PDB
IDs were 2BXC and 2BXG, and both IDs were two-chained. 2BXC contains only PB,
whereas 2BXG contains only IB.*> Chain B was deleted from 2BXC and 2BXG.
Hybridization states, charges, and angles were then assigned to the protein structure
with missing bond orders. Explicit H atoms were added at pH 7.40. To prepare the
ligands, we generated the 3D structure of AP by using ChemBioOffice 2010 and
optimized the structure with DS version 3.1. The CDOCKER docking program
implemented in DS 3.1 was used for docking simulation in this study.
3. Results and discussion

3.1. Single-crystal X-ray diffraction

AP crystallization at room temperature was successfully performed with
methanol as a solvent. The X-ray diffraction data of AP were collected on an Xcalibur
Eos diffractometer. The crystal was kept at 293.15 K during data collection, and the
structure of the molecule was identified by Olex2”® and refined with the ShelXL
refinement package by least-squares minimization.””?* Olex2 is a structure solution
program that uses charge flipping.”® The structure of AP was drawn with ORTEP-3.
AP crystallizes in a monoclinic system of space group P21/n (14). Additional
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crystallographic data are summarized in Table 1, and the corresponding structures are
shown in Fig. 1. AP is polymorphic'®?'; its detected form in the present study could
be classified as Form N-1. The AP crystallographic data were deposited at the
Cambridge Crystallographic Data Center (CCDC) with supplementary publication
number CCDC-1060528. Copies of the data can be obtained free of charge through
CCDC at 12 Union Road, Cambridge CB2 1EZ, United Kingdom (e-mail:
deposit@ccdc.cam.ac.uk).

The unit cell contains four crystallographically equivalent AP molecules. These
molecules are also related to each other by a two-fold screw axis along the b direction
and » glide plane. An AP molecule contains two rings. Two 2-piperidone rings with
sofa-half-chair-conformations are connected by the mean planes of the phenyl ring,
which are respectively twisted by 68.0(2)° (C8-C7-N1-C5) and 51.2(2)°
(C8—C7-N1-C5). The anisole ring is attached to the pyrazole ring twisted by
136.34(16)° (C20-C19-N3-N4). The strongest H bond donor in AP is N(5)-H, and
the second strongest bond involves the phenyl ring. Three strong acceptors, namely,
C5=01, C13=02, and C13=02, compete for these H bond donors. The AP molecules
are connected by H-bonding and form a 3D network (Table 2). N(5)-H donates the
shortest N-H O H bond, i.e., N5S-H Ol, which has an H-O separation of only
2.123 A,

3.2. Fluorescence quenching measurement

HSA fluorescence originates from the tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) residues, whereas HSA emission is primarily attributed to the
Trp-214 residue. The Phe residue has a very low quantum yield; thus, the energy
absorbed by Phe and Tyr is often transferred to the Trp residues in the same protein.*’
In the present work, the HSA concentration was kept at 2.0 uM, and the AP
concentration varied from 0 pM to 24.0 uM based on preliminary experiments. The
fluorescence spectra were obtained in the range of 300-500 nm at 301, 310, and
318 K. The fluorescence spectra of HSA in the presence and absence of AP at 301 K
under excitation at 280 nm is shown in Fig. 2. HSA exhibits a strong fluorescence
emission peak at 338 nm, and the intensity of this peak decreases with addition of AP
when the HSA concentration is fixed at 2.0 uM. Whereas only tryptophanyl residues
are excited at 295 nm, excitation at 280 nm also excited tyrosil groups.”*° The gap
between the quenching curve of A =280 nm and Aex =295 nm gradually increased
with increasing AP concentration at 301 K (Fig. 3a). Consequently, both types of
fluorophores may participate in AP-HSA interactions. Similar to HSA, AP exhibited
quenching and fluorescence emission at 464 nm. The fluorescence intensity of AP
when HSA is present (solid line) in the reaction system obviously decreased compared
with that of pure AP (dashed line). By selecting the maximum intensities of the
AP-HSA and pure-AP systems as references, a relatively linear relationship between
the fluorescence intensity and concentration of AP was found (Fig. 3b). Fluorescence
intensity decreased by approximately 20% at the corresponding concentrations
studied throughout the entire reaction. This finding suggests that AP is also quenched
to a certain extent and that interaction occurs between AP and HSA.

Fluorescence quenching refers to any process that decreases the fluorescence
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intensity of a sample. A variety of molecular interactions can decrease the
fluorescence. These interactions include excited-state reactions, molecular
rearrangements, energy transfer, ground-state complex formation, and collisional
quenching.” Resonance energy transfer (RET) is a type of interaction that can
decrease the intensity of the donor and result in energy transfer to an acceptor. This
phenomenon only occurs when the absorption spectrum of an acceptor molecule
overlaps the fluorescence emission spectrum of a donor molecule. The HSA and AP
concentrations were kept at 10.0 uM, and the fluorescence spectra of HSA was
measured with 5/5 nm (excitation/emission) slit widths. The emission spectrum of the
HSA showed little overlap with the absorption spectrum of AP (Fig. S2). RET is
well-known to produce excited acceptors.”” However, the fluorescence of AP was
quenched by approximately 20% in the present study. Therefore, the possibility of
energy transfer from HSA to AP is low. Even when RET occurs, only a minimal
amount of energy is transferred from HSA to AP.

The primary concern of this study is the collisional or dynamic quenching
resulting from collisions between HSA and AP. The well-known Stern—Volmer
equation can be used to validate the quenching mechanism by analyzing the
fluorescence data at different temperatures:*" >
Fo/F = Ksv[Q] + 1 (2)
where Fy and F are the fluorescence intensities in the absence and presence of the
quencher, respectively, and Kgy is the Stern—Volmer quenching constant (represented
by Kp if quenching is dynamic). The calculated Kgy (Fig. S3a) values at 301, 310, and
318 K are summarized in Table 3. Dynamic and static quenching are caused by
diffusion and ground-state complex formation, respectively; both phenomena can be
distinguished by their varying temperature dependence. Dynamic quenching constants
are expected to increase with temperature because they are diffusion-dependent.’
By contrast, complex stability decreases at high temperatures, thereby producing a
low static quenching constant. Kgy gradually decreased with increasing temperature in
the present study. Thus, the observed quenching follows a static mechanism and is
dependent on complex formation.

The use of fluorescence lifetime measurements can help distinguish static
quenching from dynamic quenching.’> ** The formation of static ground-state
complexes does not decrease the decay time of the uncomplexed fluorophores.®
Dynamic quenching is a rate process that acts on the entire excited-state population
and consequently decreases the mean decay time of the entire excited-state population.
Time-resolved fluorescence lifetime measurements were conducted to substantiate the
static quenching mechanism between HSA and AP. The time-resolved HSA
fluorescence quenching by AP was recorded at 280 nm as the excitation wavelength
and 338 nm as the emission wavelength. The HSA concentration was fixed at 2.0 pM,
whereas the AP concentration was varied from 4 pM to 12 uM at room temperature.
The data obtained were analyzed by the tail-fitting method, and the quality of each fit
was assessed by y values and residuals. The mean fluorescence lifetimes («v>) for
biexponential iterative fitting were calculated from the decay times and
pre-exponential factors (o) by using the following equation:
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T = 0T T d2To. 3)

We chose the mean fluorescence lifetime as an important parameter to explore
the behavior of HSA molecules bound to AP. Data show that the average lifetime of
the HSA fluorophore marginally decreased from 5.337 ns to 5.199 ns with increasing
AP concentration (Table 4). The bound AP may directly influence the fluorophore
lifetime, and the observed fluorescence originated from the uncomplexed
fluorophores. A minimal decrease in the average lifetime of uncomplexed
fluorophores was noted with increasing AP concentration (Fig. 4 and Table 4). This
alteration of the average fluorescence lifetime in the tested systems suggests the
formation of a complex between AP and HSA. Fluorescence quenching is a static
mechanism because of ground-state complex formation, which is consistent with the
fluorescence quenching analysis results. Therefore, complex formation is the primary
factor influencing the AP-induced reduction of HSA fluorescence intensity.

3.3 Identification of HSA main binding site

3.3.1 Effect of probes on AP-HSA binding

The HSA monomer contains 585 amino acid residues in three homologous
a-helical domains (I-III). Each domain contains 10 helices and is divided into
antiparallel 6-helix and 4-helix subdomains (A and B, respectively).”® *
Crystallographic analysis showed that HSA contains multiple binding sites to which
various ligands can bind. Two primary sites, 1 and 2,% in subdomains IIA and IIIA,
respectively, are highly adaptable for binding to several commonly used drugs (e.g.,
WF and IB). The residues of sites 1 and 2 on the protein are key determinants of
binding specificity, as both pockets accommodate binding flexibly. Other binding sites
were regarded as secondary sites. Previous studies show that WF and PB can
specifically bind to site 1. Site 2 displays affinity to IB, flufenamic acid, and other
drugs. Although few ligands have been found to bind to one or several secondary
binding sites, most substances bind to sites 1 or 2 or to both sites. Thus, most of the
previous work on drug—serum albumin interactions focuses on sites 1 and 2 to locate
the main binding sites (the number of secondary drug binding sites on the protein is
unknown).***

WF and IB are frequently used as probes.” However, the fluorescence emission
of the WF solution decreased (Fig. 5) when AP was present at a concentration of
10.0 uM and the WF concentration was varied from 0 pM to 25.0 uM (Aex = 280 nm).
By contrast, the fluorescence emission of the AP solution increased but did not show
the simple superposition of the WF and AP spectra. On the one hand, AP is excited to
a certain extent, which indicates that the AP—WF interaction exists. On the other hand,
PB and IB hardly change the fluorescence emission of AP. Consequently,
displacement experiments were performed in the current study with PB and IB as site
probes to establish the main AP-binding sites of HSA. The HSA and AP
concentrations were kept at 2.0 uM, and varying concentrations (0—12.0 uM) of PB
and IB were added to the binary complex. Based on the method of Sudlow et al.,” the
following equation was used to determine the percentage (/yer) of probe displacement:
Lner = FIF) 4)
where F and F| represent the fluorescence intensities of AP-HSA in the absence and
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presence of the probe, respectively. Increasing the PB concentration significantly
decreased the AP-HSA complex fluorescence intensity (Fig. 6). The original balance
was disturbed when PB was added to the binary complex. PB competed with AP
because these two drugs share the same binding sites. By contrast, fluorescence
intensity was not significantly changed in the case of IB because this molecule exerts
limited influence on the binary complex. These results suggest that AP is mainly
bound to site 1 of HSA.

3.3.2 Molecular docking of the AP-HSA interaction

Molecular docking has been widely employed as a complementary application to
improve the current understanding of HSA—drug interactions.** This strategy has been
applied in receptor-based structural screening techniques to determine active
compounds by filtering those that do not fit in the binding sites. CDOCKER is a
molecular dynamic simulated-annealing-based algorithm that allows estimation of
binding sites. ™ It is a grid-based molecular docking method that employs
CHARMm.* The name CDOCKER originates from metallurgical annealing, which
involves the heating and controlled cooling of a material to increase crystal orders and
reduce defects.”’ Molecular docking is performed by simulated annealing to minimize
the CDOCKER energy (Ecp, kcal/mol) and obtain the optimum position. By using a
binding site sphere, specifying the ligand placement in the active site is possible.

PB and IB were chosen as probes in Section 3.3.1 of this study, and
2BXC/2BXG was defined as the total receptor by exclusively selecting the protein
part for the “Define Receptor” function. In 2BXC, PB was clustered at the center of
the site 1 pocket. In 2BXG, IB was clustered at the center of the binding pocket of site
2 and oriented with at least one O atom in the polar patch vicinity. However, IB also
occupied a secondary site at the interface between subdomains IIA and IIB in 2BXG.
The second site was not considered further because this work only focused on sites 1
and 2 as the main binding sites. By selecting only PB/IB with a “Radius” of 2.5 A,
amino acids within a 2.5 A radius were chosen, and the site sphere was built with the
“From Current Selection” function. Thus, the pre-existing PB/IB was removed.
Freshly prepared AP was added, and CHARMm was selected as the force field. The
heating procedure was set at 2000 K, and the target heating temperature was 700 K.
Heat causes the atoms to leave their initial positions with the local minimum internal
energy and move randomly through states of higher energy. The cooling procedure
was set at 5000 K, with a target cooling temperature of 300 K.*>* The slow cooling
procedure allows ample time for atom redistribution to achieve configurations with
lower internal energies than the initial state. Ten molecular docking poses were saved
for each site and ranked according to -Ecp. This score considers both internal ligand
strain energies and receptor-ligand interaction energies; thus, -Ecp was used to sort
the poses of each input ligand. The pose cluster radius was set at 0.5 A. Results
showed that AP has ten docking poses in site 1 but no docking poses in site 2. AP was
mainly clustered in site 1 of HSA.

3.3.3 Effect of AP-binding on the esterase-like activity of HSA
HSA is primarily a transport protein with catalytic functions, such as hydrolytic
and esterase-like activity. HSA can act as an esterase of p-nitrophenyl acetate (p-NPA),
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and this activity results in the acetylation of a tyrosine residue.>* The residues Arg-410
and Tyr-411 in subdomain IITA (site 2) play crucial roles in the esterase-like activity
of HSA.”® Site 1 is not involved in this interaction, and site-1-drugs do not inhibit the
reaction at low drug-to-HSA ratio.’®>” Thus, the catalytic activity of HSA in p-NPA
was investigated to ascertain the involvement of Arg-410 and Tyr-411 in AP binding.*®

The Michaelis—Menten plots of p-NPA hydrolysis at different AP:HSA
concentrations (0:1, 1:1, and 2:1) were analyzed to deduce the k., and K, values. The
concentration of HSA was kept constant at 10 pM, whereas the concentration of
p-NPA was varied from 25 pM to 700 pM. The rate of p-NPA hydrolysis was
determined by measuring the concentration of p-nitrophenol (yellow product) at
400 nm. The concentration of p-nitrophenol was determined from the observed
absorbance and a standard curve (y = 0.01274x + 0.00444; R =0.9999). The kinetic
parameters (ke and K;,) were determined according to the Michaelis—Menten
method™ (Fig. S4) by fitting the data to the following equations:

— Vmax [S]
K, +[S] )
v
k = —max 6
cat [E] ( )

where v and V.« are the initial and maximum velocities of hydrolysis, respectively, [S]
is the substrate concentration used, [E] is the enzyme concentration, and k., and Ky,
are kinetic parameters. AP did not inhibit p-NPA hydrolysis by HSA at the test mole
ratios investigated (Table 5 and Fig. 7). Therefore, Arg-410 and Tyr-411 in site 2 are
not unaffected by AP. These results suggest that AP almost never binds to site 2 but is
highly likely to bind to site 1. Therefore, AP binding to site 1 was confirmed.

3.4 Binding mode

AP-induced HSA fluorescence quenching is a static process; thus, the binding
constant (K) and the number of complexes bound to HSA (n) were determined by
plotting the double-logarithm regression curve of the fluorescence data according to
the following “modified” Stern—Volmer equation:
log (Fy - F)/F=log K+ nlog[Q] @)
where K is the binding constant of the site, and #» is the binding site multiplicity per
class of binding site. The results are summarized in Table 6. The values of K (Fig.
S3b) suggest a strong binding force between AP and HSA. The value of n
(approximately equal to 1) suggests the presence of a single high-affinity binding site
in HSA.

The thermodynamic parameters of the binding reaction confirm the presence of
intermolecular forces. Changes in the enthalpy (4H") and entropy (4S°) can help
confirm the binding modes. AH" and 4S° can be calculated by the van’t Hoff equation
as:%

AH® | AS°
RT R

InK =-

@®)
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where K is analogous to the associative binding constant at the corresponding
temperature, and R is the gas constant. The free-energy change (AG") can be
estimated as:
AG*=AH’ - TAS" = -RTIn K )
The results are presented in Table 6. The negative 4G° values indicate that the
binding of AP with HSA spontaneously occurs. Four representative interaction forces,
namely, hydrophobic forces, H bonds, van der Waals (VDW) forces, and electrostatic
interactions, generally exist between small molecular substrates and biological
macromolecules. According to the theory of Ross and Subramanian, negative AH" and
AS° values indicate H-bonding; VDW forces play major roles in AP-HSA binding.
AP mainly binds to site 1; thus, the position with the highest -Ecp in site 1 was
chosen to be the most suitable for the analysis. AP was well inserted into the
hydrophobic cavity of the active site (site 1; Fig. 8). In addition, AP was well attached
between the polar side-chains of Leu-238 and Ala-291 (Panel 3D). This trend is
particularly evident at the mouth of the pocket, where a wide opening that provides
significant room for movement may be observed.”” AP was closely bound to Trp-214
and inevitably quenched its fluorescence, as determined from the combined results of
Section 3.2. Gaps in the active site of the AP-HSA complex were not favored. When
AP is inserted into HSA, both molecules undergo changes under the influence of
VDW forces to minimize the space between them.®’ VDW forces have been used as a
general term to refer to a variety of nonspecific interactions, such as dipole—dipole,
multipole-multipole, induced dipole—induced dipole, and even cation—dipole
interactions; recent studies have gradually revealed the details behind these
distinguishable interactions.*” Interactions involving m electron systems have
specifically been shown to include cations and CH groups, and m—cation interactions
occur between a positively charged molecule and a @ system. Panel 2D shows the
n—cation interactions at pH 7.40. Lys-195, Lys-199, and Arg-218 act as cations that
participate in these intermolecular interactions. Intramolecular m—cation interactions
also occur between the two phenyl rings. AP easily forms hydrogen bonds because of
its strong donor and acceptor groups (Section 3.1). The Arg-218 residue of HSA
forms an intermolecular H bond with O(2) (2.216 A), whereas Arg-222 forms two H
bonds with O(1) (2.330 A) and O(2) (2.243 A). H-bonding during AP-HSA complex
formation can effectively balance the adverse energetic effects of water displacement.

3.5 Effect of AP on the HSA conformation

3.5.1. 3D fluorescence spectroscopy

3D fluorescence spectroscopy can provide detailed information on the
conformational and microenvironmental changes of proteins combining with small
molecules.”® The 3D fluorescence spectra of HSA (2.0 uM) and the AP-HSA complex
(molar ratio, 4:1) were obtained at an excitation wavelength range of 200—400 nm at
increments of 5 nm. The emission spectra were also monitored between 200 and
500 nm. The 3D fluorescence contour maps of HSA and the AP-HSA system are
shown in Fig. 9. Peak A is a second-order scattering peak, and its emission
wavelength is twice its excitation wavelength (Aem = 24cx). Peak B refers to the
Rayleigh scattering peak (Aem =4ex), Which is common to all spectra. Peak 3
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represents the AP peak, which appears for the first time in Fig. 9b. The peak position,
intensity, and Stokes’ shift of the fluorescence spectra are summarized in Table 7.
After AP addition, the positions of the excitation and emission wavelengths, as well as
their Stokes’ shift, remained nearly unchanged. The molecular microenvironment
around the fluorophore residues of HSA was only minimally affected. Peak 1 mainly
exhibited the fluorescence characteristics of polypeptide backbone structures. The
fluorescence intensity of peak 1 decreased after AP addition, which indicates changes
in the peptide strand structure of HSA. Peak 2 mainly revealed the spectral behavior
of Trp and Tyr residues. The decreased fluorescence intensity of peak 2 indicates that
AP affects Trp, Tyr, or both residues. This result agrees with the results in Section 3.2.

3.5.2. CD spectroscopy

CD is a universally-acknowledged technique commonly used to characterize the
structure of proteins.63 To investigate the effect of AP binding on the conformational
changes in HSA, CD spectroscopic analysis was performed on free HSA and the
AP-HSA complex. CD was measured with a constant HSA concentration of 2.0 uM,
but the complex concentrations were varied from OpM to 16.0 uM
[ri = (AP)/(HSA) =0:1, 2:1, 8:1]. Each spectrum was scanned thrice and averaged for

graphing and analyses. HSA exhibits two negative ellipticities at 208 and 220 nm (Fig.

10), which are characteristic of a-helix structures in proteins. The shapes of the CD
spectra with and without AP were similar, which suggests that the HSA structure is
also predominantly an a-helix. The negative bands did not shift, and their intensity
remained nearly constant if system errors are taken into consideration. CD data were
then analyzed using the SELCON3 method to quantify the different contents of the
secondary structures of HSA.* Table 8 lists the percentage composition of o-helix
(the total content of regular and distorted a-helix), f-sheet, f-turn and random coils in
free HSA, AP—HSA systems. AP presents minimal effects on the secondary structure
of HSA. As a transport protein, HSA displays nonspecific and reversible drug
interactions. H-bonding is indispensable in the formation of the secondary and tertiary
structures of HSA. The 3D structures and functions of several biological molecules
are highly dependent on intramolecular H-bonding. Newly-formed H bonds do not
show significant effects on the original bonding, and this minimal change may be
beneficial for HSA.
4. Conclusions

This paper reports the single crystallographic data of AP obtained with methanol
as a solvent. AP crystallizes as a monoclinic system of the P21/n (14) space group,
and its current form was classified as Form N-1. Experimental data showed that AP
could be inserted into HSA and quench intrinsic HSA fluorescence via a static
mechanism induced by the formation of an AP-HSA complex. Tyrosine and
tryptophan participated in the AP-HSA interaction. AP fluorescence also decreased
by approximately 20%. The possibility of energy transfer from HSA to AP was low.
Even with energy transfer, only a minimal amount of energy is transferred from HSA
to AP. Studies on the fluorescence and fluorescence lifetime confirmed that quenching
occurs via a static mechanism. Complex formation was the primary factor influencing
the AP-induced decrease in HSA fluorescence intensity. AP could also interact with

10
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WEF. Displacement and molecular docking experiments demonstrated that the AP
binding site is mainly located in site 1 of HSA. The effects of AP binding on the
esterase-like activity of HSA study confirmed this binding site. AP contains strong
donor and acceptor groups that easily form intramolecular and intermolecular H
bonds. H-bonding also played an important role in stabilizing the AP-HSA complex.
VDW forces, including m—cation interaction, contributed to the good fit of AP in site 1
of HSA. AP was closely bound to Trp-214 and snugly pinned between the apolar
side-chains of Leu-238 and Ala-291, thereby allowing room for significant movement.
Conformation studies showed that AP does not significantly affect the local
conformation of HSA. This study provides novel insights into the characteristics of
AP-HSA binding for the improved utilization of AP during standard screening in
pharmaceutical firms and clinical research.
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Table 1

Crystal and experimental data of apixaban
Empirical formula C,5H,5N50,
Formula weight 460.48
Temperature/K 293.15
Crystal system monoclinic
Space group P2i/n

a/A 10.2208(4)
b/A 13.8422(6)
c/A 15.7529(6)
a/° 90

pre 92.927(3)
v/° 90
Volume/A’ 2225.79(15)
Z 4

pcalcg/cm3 1.374
w/mm’” 0.098
F(000) 968.0
Crystal size/mm’ 0.3x0.2x0.2

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F>

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / ¢ A~

MoKa (A= 0.71073)
5.956 to 52.74

-12<h<12,-17<k<16,-19<1<9

10241

4539 [Rin = 0.0197, Rgigma = 0.0354]

4539/0/316

1.028

R; =0.0460, wR, = 0.1048
R; =0.0677, wR,=0.1164
0.28/-0.27
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Table 2

Hydrogen bonds for apixaban (A and °).

D-H...A d(D-H) d(H...A) d(D...A) <DHA
C9-H9...01° 0.930 2.604 3.386 142.12
C20-H20...01° 0.930 2.490 3.403 167.27
C11-H11...02° 0.930 2.629 3.342 133.95
C21-H21...03°¢ 0.930 2.393 3.246 152.44
C25-H25C...03¢ 0.960 2.619 3.350 133.22
N5-H5A...01¢ 0.872 2.123 2.982 168.66

Symmetry codes: ® -x+2, -y+1, -z, ® -x+1, -y+1, -z, * x+1/2, -y+3/2, z-1/2, ¢ x+3/2, y+1/2, -z+1/2,

Table 3

Stern-Volmer quenching constants for AP-HSA interaction

TK Kgy x10* (M) R®

301 2.544+0.058 0.9990
310 2.340+0.043 0.9993
318  2.174+0.065 0.9982

the correlation coefficient for the K, values.

Table 4. Lifetime of HSA fluorescence decay in Tris-HCI of pH 7.4 at different AP concentrations.

2

System Ciapy (ULM) T T T3 oy oy o3 T X

Free HSA 0.0 0.788 3.640 7.130 0.050 0.423 0.527 5337 1.055
4.0 0.847 3.866 7.321 0.060 0.483 0457 5265 1.036

AP-HSA 8.0 0.806 3.735 7.105 0.060 0.443 0497 5.234 1.050
12.0 0.812 3.703 7.072 0.062 0.441 0497 5.199 1.067

Table 5. Steady-State Kinetic Parameters for Esterase-like Activity of HSA

Page 16 of 29

AP:HSA Kun(uM) kea(s™)x107 keat [Kn(M'S™)
0:1 123.1+4.99 8.764+0.704 71.18+2.83
1:1 120.4+4.08 9.234+0.634 76.70+2.67
2:1 118.9+3.16 9.604+0.524 80.79+2.26
Table 6
Binding constants K, binding sites n, and thermodynamic parameters for AP-HSA interaction
. . AG’ AH’ 0 . b
T/K KxI10°(M') n R . . AS” (J-mol ) R
(kJ-mol ") (kJ-mol )
301 3.407+0.142 1.03£0.02 09995 —26.12+0.67
310 2.460+0.096 1.00£0.02 0.9996 —26.06+1.25 -3336+342 -2390+11.04 0.9948
318 1.665+0.127 0.97+0.03  0.9983 —25.37+0.53

? is the standard deviation for the K values.

® the correlation coefficient for the van’t Hoff.
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Table 7

3D fluorescence spectral parameters of HSA alone and in the presence of AP

System Peaks Peak position [Aex/Aem (nm/nm)]  Stokes [AA (nm)]  Intensity

B 225/225—320/320 0 14.789—316.686
HSA 1 225/331 106 591.454

2 280/338 58 527.974

B 235/235—320/320 0 12.246—321.799
AP-HSA 1 225/331 106 474.105

2 280/337 57 386.107

Table 8. Contents of different secondary structures of free HSA and AP-HSA systems.

System Molarratio  H(r) (%) H(d) (%)  S(r) (%) S(d) (%)  Trn (%) Unrd (%)

Free HSA N/A 0.340 0.193 0.046 0.045 0.135 0.241
AP-HSA 2:1 0.342 0.196 0.031 0.040 0.141 0.250
8:1 0.339 0.193 0.045 0.045 0.137 0.241

H(r): regular a-helix. H(d): distorted a-helix; S(r): regular f-strand; S(d): distorted f-strand; Trn:
turns; Unrd: unordered structure.
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Figure Captions

Fig. 1. Molecular structure of AP showing the atom-numbering scheme.

Fig. 2. Fluorescence spectra of AP-HSA (solid line) and of pure AP (dashed line) at
301 K. Cusay=2 uM (A). The AP concentrations were 4 (B), 8 (C), 12 (D), 16 (E), 20
(F), and 24 (G) uM.

Fig. 3. Panel a: The quenching curve of HSA in the presence of AP obtained at
excitation wavelengths of 280 and 295 nm and 301 K. Panel b: The relative intensity
of AP in presence (®) and absence (A ) of HSA. % represents the intensity ratio of AP
(HSA present: HSA absent) at the corresponding concentration.

Fig. 4. Time-resolved HSA fluorescence decay in the presence of AP: (A) Cusa)=
2.0 uM, (B)—~(D) Cap=4.0, 8.0, and 12.0 pM.

Fig. 5. Fluorescence spectra of WF in the absence (dashed line) and presence (solid
line) of AP. The AP concentration was 10 uM (A), and the WF concentrations were 5
(B), 10 (C), 15 (D), 20 (E), and 25 (F) pM.

Fig. 6. Effect of probes on the fluorescence of AP-HSA complexes. Ciap) = Ciusa)=
2.0 uM. The molar ratios of probes to AP-HSA complexes were 1:1, 2:1, 3:1, 4:1, 5:1,
and 6:1.

Fig. 7. k., and Ki,, values of HSA in the absence and presence of AP. Cgysay= 10 pM.
AP concentrations of 10 and 20 uM were applied.

Fig. 8. Surface around site 1 of AP. The insets in the figures show the 3D and 2D
docking modes between AP and HSA. For the 2D mode, only important interacting
residues are shown and represented as sticks. The hit compound is shown in pink.
Residues involved in hydrogen bonding, charge, and polar interactions are represented
by magenta circles. Residues involved in van der Waals interactions are represented
by green circles. The solvent-accessible surfaces of atoms are represented by a blue
halo around the atom. The diameter of the circle is proportional to the solvent
accessible surface. Hydrogen bonding interactions with amino acid side chains are
represented by a blue dash with the arrows directed toward the electron donor.

Fig. 9. Contour spectra of (a) HSA and (b) HSA-AP system in Tris—HCI buffer of pH
7.40. C(HSA)Z 2.0 },LM and C(Ap) =8 },LM.

Fig. 10. Circular dichroism (CD) spectra of free HSA (2 pM) and the HSA complex
with AP (ri = [HSA]/[AP] =1:2, 1:8) at pH 7.40.

Graphical abstract: Probing apixaban binding to human serum albumin: combining
spectroscopic methods and docking investigations.
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Fig. 1. Molecular structure of AP showing the atom-numbering scheme.
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Fig. 2. Fluorescence spectra of AP-HSA (solid line) and of pure AP (dashed line) at 301 K. C(HSA)= 2 uM
(A). The AP concentrations were 4 (B), 8 (C), 12 (D), 16 (E), 20 (F), and 24 (G) uM.
58x41mm (600 x 600 DPI)



Page 21 of 29

RSC Advances

0.94

0.8+

= 0.74

0.6

0.5

0.4

[AP]/[HSA]

= 280 nm| b
® 295 nm|
1.0 .
2
0.8 4R e P T
° = el 2
L]
-
- ° 0.4
L
}
T T T 0.2 T T T T T
8 10 12 14 4 12 16 20 24 28
[AP] pM

Fig. 3. Panel a: The quenching curve of HSA in the presence of AP obtained at excitation wavelengths of 280
and 295 nm and 301 K. Panel b: The relative intensity of AP in presence (o) and absence (A) of HSA. %
represents the intensity ratio of AP (HSA present: HSA absent) at the corresponding concentration.
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Fig. 4. Time-resolved HSA fluorescence decay in the presence of AP: (A) C(HSA)= 2.0 uM, (B)-(D)
C(AP)=4.0, 8.0, and 12.0 uM.
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Fig. 5. Fluorescence spectra of WF in the absence (dashed line) and presence (solid line) of AP. The AP
concentration was 10 uM (A), and the WF concentrations were 5 (B), 10 (C), 15 (D), 20 (E), and 25 (F) uM.
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Fig. 7. kcat and Km values of HSA in the absence and presence of AP. C(HSA) = 10 uM. AP concentrations of
10 and 20 uM were applied.
57x39mm (600 x 600 DPI)



RSC Advances

Fig. 8. Surface around site 1 of AP. The insets in the figures show the 3D and 2D docking modes between AP
and HSA. For the 2D mode, only important interacting residues are shown and represented as sticks. The hit
compound is shown in pink. Residues involved in hydrogen bonding, charge, and polar interactions are
represented by magenta circles. Residues involved in van der Waals interactions are represented by green
circles. The solvent-accessible surfaces of atoms are represented by a blue halo around the atom. The
diameter of the circle is proportional to the solvent accessible surface. Hydrogen bonding interactions with
amino acid side chains are represented by a blue dash with the arrows directed toward the electron donor.
120x85mm (300 x 300 DPI)
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Fig. 9. Contour spectra of (a) HSA and (b) HSA-AP system in Tris—HCI buffer of pH 7.40. C(HSA) = 2.0 uM
and C(AP) = 8 uM.
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Fig. 10. Circular dichroism (CD) spectra of free HSA (2 uM) and the HSA complex with AP (ri = [HSA]/[AP]
=1:2, 1:8) at pH 7.40.
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Graphical abstract: Probing apixaban binding to human serum albumin: combining spectroscopic methods
and docking investigations.
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