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anism of olaparib binding to
human serum albumin investigated with NMR
relaxation data and computational methods

Yuanming Zhai, *a Pengchi Deng,a Xiaoyan Wang,a Chunchun Zhang,a Ruixue Gan,b

Na Gan,b Qiaomei Sunb and Hui Li b

The interaction mechanism between olaparib (OLA) and human serum albumin (HSA) has been investigated

using experimental and computational techniques. An NMR relaxation approach based on the analysis of

proton selective and non-selective spin–lattice relaxation rates at different temperatures can provide

quantitative information about the affinity index and the thermodynamic equilibrium constant of the

OLA–HSA system. The affinity index and the thermodynamic equilibrium constant decreased as

temperature increased, indicating that the interactions between OLA and HSA could be weakened as

temperature increased. Molecular docking and dynamics simulations revealed that OLA stably bound to

subdomain II (site 1), and OLA could induce the conformational and micro-environmental changes in

HSA. CD results suggested that a-helix content decreased after OLA was added, demonstrating that OLA

affected the secondary structure of HSA.
1. Introduction

The interaction mechanism between drugs and biological
macromolecules, especially drug–serum albumin related to
human life and health, has been explored.1–4 Among serum
albumins, human serum albumin (HSA) has been intensively
investigated because of its high concentration in human blood
plasma.5,6 The spatial structure of HSA consists of three
homologous a-helical domains (domains I, II, and III), and each
domain can be further divided into two subdomains (A and B)
as illustrated by X-ray crystallography.5,7 The primary drug-
binding regions on HSA are Sudlow's site I and site II, which
are located in the hydrophobic cavities of subdomains II-A and
III-A, respectively.8,9

Olaparib (OLA), a potent oral poly(ADP-ribose) polymerase
(PARP) enzyme inhibitor, which plays essential roles in
controlling DNA repair and eventually killing cancer cells, can
be used as a targeted therapy for certain types of cancer, such as
breast and ovarian cancer, in people with hereditary BRCA
mutations.10–12 Ovarian cancer is the seventh-most common
malignant tumor among gynecologic systems.13 To treat BRCA-
mutated ovarian cancer and to overcome frequent recurrence
and chemotherapeutic resistance of ovarian cancer, medical
scholars prefer OLA as a PARP inhibitor because it has achieved
satisfactory therapeutic outcomes.14–16 However, the binding of
OLA with HSA during drug transport through blood circulation
ersity, Chengdu 610064, China. E-mail:
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has yet to be fully elucidated. Consequently, the interaction
mechanism between OLA and HSA should be comprehensively
understood to elucidate the pharmacokinetic and pharmaco-
dynamic behaviors of OLA.

Various characterization methods, including isothermal
titration calorimetry, equilibrium dialysis, capillary electro-
phoresis, ultraltration, circular dichroism spectroscopy (CD),
uorescence spectroscopy, Fourier transform infrared spec-
troscopy, Raman spectroscopy, and nuclear magnetic resonance
(NMR), have been utilized to reveal the interaction mechanism
between drugs and proteins.17–23 Among these reasonable and
reliable methods, NMR is an efficient technique to probe
ligand–receptor interactions at the molecular level.1–3,24 Hence,
the applications of some advanced NMR approaches, such as
saturation transfer difference and proton spin–lattice selective
relaxation rates, provide in-depth atomistic insights into
structural affinity and site-selective interactions between drugs
and proteins. In particular, the spin–lattice relaxation rates of
the ligand active proton nuclei are highly sensitive to describe
the structural transformations of the ligand–macromolecules
complex, because the motional behaviors will be affected when
the fast moving small drug molecules interact with the slowly
moving macromolecules.

In the present study, the proton selective and nonselective
spin–lattice relaxation rates measured via NMR were utilized to
quantitatively analyze the affinity index ([ANl ]

T
L) and the ther-

modynamic equilibrium constant (K) of an OLA–HSA system.
Fluorescence methods, CD spectroscopy and time-resolved
uorescence spectroscopy were performed to evaluate the
NMR data and conformational changes induced by OLA.
RSC Adv., 2018, 8, 31555–31563 | 31555
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Molecular docking and dynamics simulation were applied to
visualize the dynamic binding of the OLA–HSA system.

2. Experiments and methods
2.1 NMR experiments

All NMR measurements were performed using a Bruker Avance
II 600 MHz (14.1 T) spectrometer operating at 600.13 MHz for
protons at 298, 304, and 310 K, respectively. An inversion
recovery pulse sequence was used to measure the spin–lattice
relaxation rates, and a 180� pulse of a Gaussian shape with
a pulse duration of 30 ms was set for the selective experiments.
The selective and nonselective experiments involved the
following s: 0.005, 0.01, 0.02, 0.06, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2,
3, 4, 5, 8, 12, and 20 s. The delay time in this case was 5 s. All the
recoveries of the proton longitudinal magnetization aer 180�

pulse in spin-relaxation measurements were found to be single
exponential, and the maximum error was less than 5%. NMR
data processing and analysis were performed using Topspin 3.5
(Bruker Corporation).

2.2 Time-resolved uorescence spectra

Time-resolved uorescence spectra at room temperature in
a singlet state were obtained using a time-correlated single-
photon counting technique with a Horiba Jobin Yvon
FluoroLog-TCSPC spectrouorometer (Horiba, Les Ulis,
France). HSA (2 mM) in the absence and presence of OLA (4 or 8
mM) was investigated at excitation and emission wavelengths of
280 and 345 nm, respectively.

2.3 CD spectra

CD spectra were obtained with an automatic recording spec-
trophotometer (Model 400, AVIV, USA) equipped with a Peltier
temperature control unit in a cell with a path length of 10mm at
room temperature. The spectra of 2 mM HSA in the presence of
0, 4, and 8 mMOLA were obtained in the scan range of 190 nm to
250 nm with a step size of 1 nm, a band width of 1 nm, and
a response time of 0.5 s. The mean residue ellipticity (MRE, deg
cm2 d mol�1) was used to express the CD results in accordance
with the following equation:25

MRE ¼ Intensity of CDðm degÞ
CPnl � 10

; (1)

where CP is the HSA concentration, n is the number of amino
acid residues of HSA, and l represents the path length (0.1 dm).

2.4 Molecular docking

All molecular docking studies of ligand–proteins in a simulated
physiological environment were performed using YASARA
v16.7.22 (ref. 26 and 27) and AutoDock VINA at pH 7.4 and 298
K. The 3D structure of OLA was obtained from PubChem
(PubChem CID: 23725625), and the available crystal structure of
HSA was downloaded from the RCSB protein data bank (PDB
ID: 1H9Z).28 Before molecular docking was carried out, the 3D
structure of OLA was energetically optimized using Chem-
BioOffice, and all the water molecules were removed from the
31556 | RSC Adv., 2018, 8, 31555–31563
free HSA. During docking, all the binding sites in HSA were
recognized by setting the grid box covering the whole protein.
Docking with 25 independent runs was conducted to determine
the optimum binding conformations. The conformation with
the highest binding energy was used for further analysis.
2.5 Molecular dynamics simulations

Molecular dynamics simulations were performed using YASARA
v16.7.22 with an AMBER14 (ref. 29) molecular dynamics force
eld at pH 7.4 and 298 K in the simulated physiological envi-
ronment. Subsequently, the simulation grid box was designed
with a 90 Å � 90 Å � 90 Å spatial volume, and the optimum
binding conformation of OLA–HSA during docking was located
at the grid center. Periodic boundary conditions were applied to
the above system. Multiple integration steps were employed
during simulation (1.25 fs and 2.5 fs for intramolecular and
intermolecular forces, respectively), and data were collected
every 10 ps for a molecular orbital le. The relevant parameters
of the molecular orbital le were investigated through molec-
ular dynamics, and the simulation results of the OLA–HSA
system and the free HSA were comparatively analyzed.
2.6 Theoretical methods for NMR

The nonselective RNS
l and selective RSE

l proton spin–lattice
relaxation rates are dened by the following equations:30–33

RNS
l ¼ 1

10

g4
Hħ

2

r6ij

�
3sc

1þ u2
Hs2c

þ 12sc
1þ 4u2

Hs2c

� ; (2)

RSE
l ¼ 1

10

g4
Hħ

2

r6ij
3sc

1þ u2
Hs2c

þ 6sc
1þ 4u2

Hs2c
þ sc

�
;

� (3)

where, ħ, gH, and uH, are Planck's constant, proton magneto-
gyric ratio, and Larmor frequency, respectively; rij is the inter-
nuclear distance; and sc is the molecular rotational correlation
time, which dominates the i � j dipolar interactions. On the
basis of eqn (2) and (3), we easily deduce that RNS

l and RSE
l can be

affected by the dynamic parameter sc to different extents, that
is, when the free ligand is in a fast molecular reorientation time
regime (u0sc � 1), RNS

l > RSE
l . Conversely, when the ligand is

bound to a macromolecule (u0sc [ 1), RSE
l > RNS

l .
RSE
l can be affected by drastic changes in molecular

dynamics. Consequently, RSE
l has been widely used to investi-

gate ligand–macromolecule interactions. With the fast chem-
ical exchange between free and bound states, RSE

l of a ligand can
be described by the following equation:

RSE
lobs ¼ cfR

SE
lf + cbR

SE
lb , (4)

where RSE
lobs is the experimentally observed selective relaxation

rate. RSE
lf , cf, R

SE
lb , and cb are the selective spin–lattice relaxation

rates and the molar fractions of the ligand under free and
bound conditions, respectively.

Considering the ligand–receptor system at equilibrium, we
derive:
This journal is © The Royal Society of Chemistry 2018
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M þ L%ML; (5)

with a thermodynamic equilibrium constant K ¼ ½ML�
½M�½L� :

Assuming [L] [ [M0], we obtain the following equation:

DRSE
l ¼ KRSE

lb

1þ K ½L� ½M0�; (6)

where DRSE
l ¼ RSElobs � RSE

lf , and [M0] is the initial macromolecule
concentration. Plotting DRSE

l versus [M0], we can acquire
a straight line with its slope:

½A�TL ¼ KRSE
lb

1þ K ½L� ; (7)

which was dened as the “affinity index” (mol�1 L s�1). When
temperature and ligand concentration are specied, [A]TL is
a constant that can be used to quantitatively evaluate the
ligand–receptor interaction strength.

The normalization ofDRSE
l ¼ RSE

lobs� RSE
lf to RSE

lf is employed to
investigate the effects of restricted motions induced by the
ligand–macromolecule interaction individually and to remove
the effects caused by varied correlation times and proton
densities originated at different positions of the ligand mole-
cule, leading to a normalized affinity index:34,35

DRSE
lN ¼ KRSE

lb ½M0�
ð1þ K ½L�ÞRSE

lf

; (8)

Similarly, a straight line passing through the origin of the axes
can be obtained by plotting DRSE

lN versus [M0] with the slope:

�
AN

l

�T
L
¼ KRSE

lb

ð1þ K½L�ÞRSE
lf

; (9)
Fig. 1 Chemical structure and 1H NMR spectrum of OLA at 298 K.

This journal is © The Royal Society of Chemistry 2018
[AN
l ]

T
L is dened as the “normalized affinity index” (mol�1 L),

which is constant at the specied temperature and ligand
concentration.

In order to calculate the K and DRSElb , eqn (8) can be rewritten
as follows:

1

DRSE
lN

¼ ð1þ K ½L�ÞRSE
lf

KRSE
lb ½M0� ; (10)

1

DRSE
lN

¼ RSE
lf

KRSE
lb ½M0� þ

½L�RSE
lf

RSE
lb ½M0�; (11)

Plotting 1/DRSElN with the ligand concentration [L], we can obtain
a straight line with the slope (S) and the intercept (I):34,36

S ¼ RSE
lf

RSE
lb ½M0� ; (12)

I ¼ RSE
lf

KRSE
lb ½M0� ; (13)

Finally, K can be obtained using eqn (12) and (13).
3. Results and discussions
3.1 NMR data of the OLA–HSA system

3.1.1 1H analysis of OLA in the presence of HSA. NMR
spectroscopy has been widely used to explore the mode of the
interaction between small molecules and proteins. Fig. 1 illus-
trates the proton NMR spectrum of OLA and the resonance
assignments. To comprehensively analyze the interaction
between OLA and HSA, we selected the well-resolved proton
peaks H8 and H16 in the aromatic region and the aliphatic
RSC Adv., 2018, 8, 31555–31563 | 31557
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Table 1 RNS
l and RSE

l of H8, H16, and H26 protons for OLA (3 mM) in the presence of various HSA concentrations at 298 K

HSA (mM)

H8 H16 H26

RNSl (s�1) RSE
l (s�1) RNSl (s�1) RSEl (s�1) RNSl (s�1) RSE

l (s�1)

0 0.33 0.32 0.50 0.49 1.06 1.04
7.58 0.37 0.37 0.51 0.52 1.07 1.02

15.15 0.40 0.39 0.52 0.55 1.06 1.05
22.73 0.41 0.42 0.57 0.58 1.07 1.08
33.30 0.44 0.47 0.60 0.60 1.06 1.09
37.88 0.46 0.48 0.61 0.63 1.08 1.08
45.45 0.49 0.52 0.63 0.65 1.09 1.09

Table 2 RNS
l and RSE

l of H8, H16, and H26 protons for OLA (3 mM) in the presence of various HSA concentrations at 304 K

HSA (mM)

H8 H16 H26

RNSl (s�1) RSE
l (s�1) RNSl (s�1) RSEl (s�1) RNSl (s�1) RSE

l (s�1)

0 0.32 0.31 0.48 0.47 1.06 1.04
7.58 0.33 0.35 0.49 0.50 1.05 1.05
15.15 0.34 0.37 0.52 0.53 1.06 1.06
22.73 0.38 0.39 0.55 0.55 1.05 1.06
33.30 0.42 0.43 0.56 0.58 1.06 1.08
37.88 0.44 0.44 0.58 0.59 1.07 1.07
45.45 0.45 0.46 0.61 0.62 1.09 1.07
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hydrogen H26 doublet for selective and nonselective
measurements.

The experimental RNS
l and RSE

l of H8, H16, and H26 protons
of OLA in relation to HSA concentrations at different tempera-
tures are listed in Tables 1, 2, and 3. In all the observed protons,
RNS
l > RSE

l in the absence of HSA, indicating that OLA exhibited
fast re-orientational motions in the solution. RSE

l was greater
than RNS

l as protein concentrations increased. The enhance-
ment of RSE

l elucidated that the observed relaxation rates were
remarkably inuenced by the bound ligand fraction, implying
the occurrence of an interaction between OLA and HSA. The
interactions between the ligand and the protein could be
reasonably investigated on the basis of the analysis of RSE

l and
RNS
l measured in the absence and presence of the

macromolecules.
[AN

l ]
T
L of the OLA–HSA system was calculated from the slope

of the straight line obtained by plotting DRSE
lN against protein

concentrations to evaluate the strength of interaction between
different regions of OLA and HSA. The effects of motional
anisotropies along the ligand molecule and in different
Table 3 RNS
l and RSE

l of H8, H16, and H26 protons for OLA (3 mM) in th

HSA (mM)

H8 H16

RNSl (s�1) RSE
l (s�1) RNSl (

0 0.31 0.30 0.49
7.58 0.31 0.32 0.50

15.15 0.33 0.34 0.51
22.73 0.34 0.35 0.52
33.30 0.36 0.38 0.54
37.88 0.37 0.39 0.57
45.45 0.40 0.41 0.58

31558 | RSC Adv., 2018, 8, 31555–31563
magnetic environments for the observed proton spin–lattice
relaxation rates could be removed through normalization.

Fig. 2 displays the results of the linear regression analysis of
DRSE

lN versus HSA concentrations at different temperatures for
H8, H16, and H26 protons of OLA. [AN

l ]
T
L of H8 proton was

higher than that of H16 at different temperatures, indicating
that H8 proton was closely contacted with the HSA binding site,
whereas H16 proton formed a secondary contact with the
protein binding pocket. Among the protons, H26 had the lowest
[AN

l ]
T
L, indicating that this proton was isolated from the HSA

binding pocket and even highly exposed to the solvent. All NMR
analyses were validated through the following docking simula-
tion. [AN

l ]
T
L of all the protons decreased as the temperature

increased because of the attenuation of the ligand–receptor
interaction caused by the enhanced OLA molecular mobility.
The drastic decrement of the affinity index revealed that H8
proton was also in close contact with the HSA binding pocket,
whereas the H26 proton was far from the protein binding site
because of the negligible effect of the enhancement of OLA
molecular mobility when temperature increased.
e presence of various HSA concentrations at 310 K

H26

s�1) RSEl (s�1) RNSl (s�1) RSE
l (s�1)

0.47 0.99 0.97
0.50 0.98 0.98
0.51 0.97 0.98
0.53 0.97 0.98
0.56 0.98 0.97
0.57 0.99 0.98
0.59 1.01 0.97

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05330h


Fig. 2 (A, B and C) Linear regression analysis of H8, H16, and H26 protons at different temperatures with the corresponding errors. H26 at 310 K
is not presented because of poor linear fitting. [OLA] ¼ 8 mM, [HSA] ¼ 0, 10, 20, 30, 40, 50, 60 mM. (D) K of H8 at different temperatures was
calculated on the basis of the slope and the intercept obtained via linear regression analysis [HSA] ¼ 60 mM, [OLA] ¼ 0.8, 1.3, 2, 3, 4, 6 mM.
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3.1.2 Calculations of K at different temperatures. RSE
l of

OLA was measured at different concentrations to calculate K.
Fig. 2(D) shows the calculated 1/DRSE

lN of H8 against varying
concentrations of OLA at different temperatures. According to
eqn (12) and (13), the K values were found to be 591.1 � 29.8
mol�1 L at 298 K, 362.8 � 29.9 mol�1 L at 304 K, and 314.2 �
30.1 mol�1 L at 310 K. Therefore, the OLA–HSA system was
more stable at 298 K than at the two other temperature
settings, and this observation was consistent with the decrease
in the affinity index of H8 proton with HSA as temperature
increased.
3.2 Lifetime measurements

Fluorescence lifetime measurement is an efficient method to
explore information about the conformational heterogeneity of
proteins. Fig. 3(A) shows that the addition of OLA signicantly
inuenced the uorescence lifetime the tryptophan (Trp) of
HSA, and the degree of inuence was positively correlated with
the OLA concentration. The specic average uorescence life-
time was determined via tail-tting method:37

hsi ¼ a1s1 + a2s2 + a3s3 (14)
This journal is © The Royal Society of Chemistry 2018
hsi of Trp of free HSA was 5.147 ns, and this parameter
decreased to 4.199 and 3.604 ns in the presence of 4 and 8 mM
OLA, respectively (Table 4). The average lifetime of HSA short-
ened aer OLA was added. The observed decreases in the
average lifetime of the Trp of HSA as the concentration of OLA
was increased were further conrmed the binding of OLA to
HSA, and the binding results in the more hydrophobic envi-
ronment of Trp residue of HSA. The changes in s suggested that
the interaction between OLA and HSA could have induced small
conformational changes in the local structure of HSA. Thus,
providing further evidence for conrming the conformational
change was necessary.
3.3 CD spectra

The effects of OLA on the secondary and tertiary structures of
HSA were further analyzed using CD spectra. In Fig. 3(B), two
negative peaks, which are attributed to the a-helix structures in
protein,38 appeared at 209 and 220 nm in the spectra of HSA and
OLA–HSA. The overall trend of the curve before and aer the
addition of OLA did not change, indicating that the a-helix
remained dominant. The a-helix content can be calculated
using the following equation:25
RSC Adv., 2018, 8, 31555–31563 | 31559
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a-helixð%Þ ¼ �MREð209 nmÞ � 4; 000

33; 000� 4; 000
� 100 (15)

where 4,000 and 33,000 are the MRE values of the b-form with
random coil conformation and the pure a-helix conformation at
209 nm, respectively. The a-helix content of free HSA was
56.43%. Aer HSA interacted with OLA, the a-helix content
decreased to 55.51% (molar ratio: 1 : 2) and 54.67% (molar
ratio: 1 : 4). These slight changes in the a-helix structure of HSA
were caused by OLA, indicating that OLA affected the confor-
mation of HSA, which was agreement with the results of time-
resolved uorescence studies.

3.4 Molecular docking

Molecular docking was performed with YASARA to provide
detailed information about the interactions between OLA and
HSA (Fig. 4), to corroborate the experimental results, and to
further gain insights into the interactions between drug mole-
cules and biomacromolecules. Seventeen multimember
Fig. 3 (A) Time-resolved fluorescence lifetime of HSA in the presence of
and 8 mM OLA.

Table 4 Fluorescence decay fitting parameters of the OLA–HSA system

System C(ligand) (mM) s1 (ns) s2 (ns) s3 (ns

HSA 0 3.313 0.652 7.067
HSA–OLA 4 2.865 6.609 0.273

8 2.927 6.742 0.262

Fig. 4 (Left) Molecular docking of OLA with HSA. (Middle) Locations of O
and the label of the HSA residues near the drug aremagnified on the right
interaction is shown using a green solid line.

31560 | RSC Adv., 2018, 8, 31555–31563
conformational clusters were obtained from 25 docking runs.
The OLA molecule might preferentially bind to the hydrophobic
cavity of subdomain IIA of HSA (site 1), and the optimal binding
conformation had the highest binding energy of 39.56 kJ mol�1

(Fig. 4). OLA in the binding site was surrounded by the residues
LYS-195, LYS-199, LEU-238, HIS-242, ARG-257, LEU-260, SER-
287, ALA-291, and GLU-292. Moreover, a hydrogen bond with
a bond distance of 2.42 Å and a bond energy of 6.28 kJ mol�1

existed between OLA and HIS-288. These results indicated that
H-bonds and hydrophobic interactions played a major role in
stabilizing the OLA–HSA system.
3.5 Molecular dynamics simulations

Molecular dynamics simulations were performed on the
optimum binding conformation of the OLA–HSA system during
docking. Root mean square deviation (RMSD) could be used to
evaluate the stability of the OLA–HSA system. The variation in
the RMSD of Ca atoms in the OLA–HSA system versus the
0, 4, and 8 mMOLA. (B) CD spectra of 2 mMHSA in the presence of 0, 4,

at different OLA concentrations

) a1 a2 a3 hsi (ns) c2

0.414 0.057 0.529 5.147 1.107
0.295 0.499 0.206 4.199 1.125
0.262 0.408 0.330 3.604 1.081

LA molecule on HSA subdomain IIA. (Right) The site of drug interaction
panel. H-bond is displayed using a red dotted line, and the hydrophobic

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05330h


Fig. 5 (A) RMSDs of Ca atoms in the OLA–HSA system versus simulation times. (B) Binding energy of the OLA–HSA system versus simulation
times. (C) Rg of the OLA–HSA system and the free HSA versus simulation times. (D) RMSFs of the Ca atoms in the OLA–HSA system and free HSA
versus simulation times.

Fig. 6 Interactions of OLA on HSA subdomain IIA at 100 ns. The site of
drug interaction and the label of HSA residues near the drug are
magnified. The H-bond is displayed as red dotted lines, and the
hydrophobic interaction is shown as a green solid line.
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simulation time of 100 ns is illustrated in Fig. 5(A). The RMSD
slightly changed during the entire molecular dynamics simu-
lation and became steady in 60–100 ns, suggesting that the OLA
molecule steadily bound to subdomain IIA of HSA (site 1) and
formed a stable OLA–HSA system.

The binding conformation of the OLA–HSA system obtained
through molecular dynamics simulation at 100 ns was investi-
gated (Fig. 6). In Fig. 6, the OLA molecule maintained a hydro-
phobic interaction with HSA and bound to its site 1. OLA in the
binding site was surrounded by the residues LYS-195, GLN-196,
PHE-211, TRP-241, ALA-261, and ILE-264. Moreover, a hydrogen
bond with a bond energy of 22.88 kJ mol�1 existed between OLA
and ARG-218. The binding conformations before and aer
molecular dynamics simulations were compared, and the
results revealed that H-bonds were formed between OLA and
ARG-218 rather than between OLA and HIS-288 because of the
changes in the position of OLA in subdomain IIA of HSA (site 1).
The H-bond energy and hydrophobic interaction forces
increased aer the molecular dynamics simulations, implying
that the stability of the OLA–HSA system increased.

Binding energy can be used to evaluate the binding ability of
the ligand–receptor system. In Fig. 5(B), the result of trajectory
analysis showed that the changes in binding energy were not
signicant during the entire molecular dynamics simulations
(�65 kJ mol�1), which could be interpreted by the insensitivity
of the system, because the OLA molecule rmly bound to the
hydrophobic cavity of subdomain IIA of HSA (site 1).
This journal is © The Royal Society of Chemistry 2018
The radius of gyration (Rg) can be employed to evaluate the
compact degree of protein macromolecules during molecular
dynamics simulations. A small Rg indicates that proteins are
highly compact. Fig. 5(C) illustrates Rg of the OLA–HSA system
and the free HSA versus the simulation time. Rg slightly changed
during the entire molecular dynamics simulation and tended to
be steady at 60 ns, which agreed with the results of the RMSD.
RSC Adv., 2018, 8, 31555–31563 | 31561
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Beyond equilibrium, Rg of the OLA–HSA system was approxi-
mately 28 Å, which was higher than that of the free HSA, indi-
cating that the binding of OLA to HSA inuenced the secondary
and tertiary structures of the proteins; consequently, the
structure of HSA loosened.

The root mean square uctuation (RMSF) can be used to
evaluate the degree of uctuations in protein residues
compared with their average positions. The variations in RMSF
of the Ca atoms in the OLA–HSA system and the free HSA versus
simulation time are illustrated in Fig. 5(D). The uctuations in
RMSF of the OLA–HSA system and the free HSA were almost
similar during the entire molecular dynamics simulation,
indicating that no signicant changes in the position of the
protein residues occurred. The RMSFs of the OLA–HSA system
were slightly higher than those of the free HSA, suggesting that
the binding between OLA and HSA affected the environment
around the protein residues and inuenced their
conformations.

4. Conclusions

In this study, interactions between OLA and HSA in a simulated
physiological environment were investigated using various
spectroscopic techniques and theoretical simulations. [AN

l ]
T
L and

K of the OLA–HSA system at different temperatures based on
RSE
l indicated that OLA weakly interacted with HSA. The time-

resolved uorescence spectroscopy combined with CD
measurements showed that the binding of OLA to HSA induced
changes in conformation of the protein and decreased the a-
helical content. Computational methods showed that OLA
bound to site 1. Experimental results were consistent with
molecular docking and MD simulations, and these conclusions
might enhance our understanding of the pharmacodynamics of
this drug.
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