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ARTICLE INFO ABSTRACT

Keywords: The health effects of disinfection byproducts (DBPs) in drinking water drew great attention recently. Herein, by
Disinfection byproducts using in vitro (fluorescence quenching, UV absorbance, circular dichroism) and in silico (molecular docking)
folo;)hegols ) method, binding interactions of two halophenolic DBPs (2,4,6-trichlorophenol [TCP] and 2,4,6-tribromophenol
Eﬁi:;falggiramon [TBP]) with human serum albumin (HSA) and the influence of hydroxypropyl-beta-cyclodextrin (HPCD) on the
HSA interactions were investigated. TCP/TBP could form complexes with HSA mainly by hydrogen bonding, while

changing its secondary structure, among which TBP showed more influential effect. Interestingly, the binding
constants for halophenol-HSA complexes decreased obviously with the involvement of HPCD. Molecular docking
results revealed that HPCD could include TCP/TBP into its cavity and change their original binding sites from
subdomain IB to IIA, resulting in a more stable binding system. These findings are beneficial for understanding
the toxicity of halophenols inside the human body and indicated that HPCD could be a promising detoxication

agent for DBPs.

1. Introduction

Drinking clean water is important for the health of human beings. As
the greatest public health triumph, drinking water disinfection plays a
significant role in reducing the occurrence and death of infectious dis-
eases caused by pathogenic microorganisms (Richardson, 2003). How-
ever, when disinfectant (e.g., chlorine) reacts with natural organic
matter and/or bromide ion/iodide ion in water, disinfection byproducts
(DBPs) will be generated in drinking water, which pose potential harm
to human health (Chu, Li, Gao, Templeton, Tan, & Gao, 2015). Actually,
DBPs could also be considered as one important series of food contam-
inants which will be unavoidably intake by human beings in daily life
through direct drinking, washed vegetables/fruits and coffee/tea/juices
prepared with tap water (Li, Wang, Chen, Hu, Gong, & Xian, 2019).
Epidemiological studies have illustrated that DBP exposure potentially
raises health risks, e.g., colorectal/bladder cancer and adverse birth
outcomes (Grellier, Rushton, Briggs, & Nieuwenhuijsen, 2015). Hence,
increasing concerns have been paid for DBPs owing to their adverse
health effects in recent years, especially for some new DBPs, e.g.,
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halogenated aromatic DBPs (Zhang, et al., 2020). Though their occur-
rence in drinking water may be lower than regulated aliphatic DBPs but
certain levels of higher toxicity could be found for these DBPs (Liu,
Zhang, Li, Li, Hang, & Sharma, 2019; Zhang, et al., 2020).

No matter for regulated aliphatic DBPs or new aromatic DBPs, many
studies have been reported over their toxicity by using different kinds of
in vitro and in vivo bioassays. Yang and Zhang investigated the
comparative toxicity of new aromatic DBPs and regulated DBPs by using
in vivo toxicity bioassays with marine polychaete and the results indi-
cated that the new aromatic DBPs showed significantly (tens to hun-
dreds) higher toxicity level than aliphatic DBPs (Yang & Zhang, 2013).
The same conclusions could also be found for toxicity evaluation by in
vivo method using autotrophic algae Tetraselmis marina (Liu, Zhang, Li,
Li, Hang, & Sharma, 2019). Our previous work selected human serum
albumin (HSA) as a model protein and investigated its interactions with
two bromo-phenolic aromatic DBPs, 4-bromophenol or 2,4-dibromophe-
nol, which successfully proved to be an in vitro method that can be used
to indicate toxicity level (Zhang et al., 2019). Several studies also sup-
port our conclusions that investigation of HSA-ligand binding
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interactions is crucial in understanding of transport, biological activity,
delivery, and clearance of a toxic substance from human body (Sun,
Yang, Tang, Liu, Wang, & Li, 2018; Zhang, Guan, Zhang, Yang, Wang, &
Peng, 2021; Zhang et al., 2018). However, little information could be
found from literature focused on toxicity reduction of DBPs in terms of
food additives added to water-related food stuff. Considering them as
important series of food contaminants, it would be great for us to find a
non-toxic food additive that can lower down the toxicity level of DBPs,
as well as to decrease the health risks of DBPs over the human being.
Based on the literature study, cyclodextrins (CDs) could potentially be
this ideal candidate.

CDs are a group of water-soluble cyclic oligomers, consisting of
various p-glucose units with the most commonly used CDs called as a-,
f-, and y-CD, respectively (Davis & Brewster, 2004). With their unique
structure of a hydrophobic interior and a hydrophilic rim, CDs have been
widely used for pharmacy, catalysis, biotechnology, agriculture, textiles,
and the environment owing to the ability to include guest molecules into
their cavity to modify their physical and biological properties with non-
toxic characteristic and good biocompatibility (Crini, 2014). Thus, it is
speculated that CDs may be able to decrease the toxicity level of DBPs.
To testify this hypothesis, the in vitro bioassay model by using HSA as a
target protein to comparatively evaluate the toxicity of different DBPs
(Zhang, et al., 2019) was applied in the present study. 2,4,6-trichloro-
phenol (TCP) and 2,4,6-tribromophenol (TBP) were selected as model
DBP compounds considering that both of them could be frequently
detected in drinking waters and showed generally higher toxic potencies
among different kinds of aromatic DBPs (Yang & Zhang, 2013; Zhang,
et al., 2020). Thus, the influence of CDs over the binding behaviors
between DBPs and HSA are the major concerns in this study. One typical
representative of CDs, 2-hydroxypropyl-B-cyclodextrin (HPCD), which is
non-toxic and has relatively higher water solubility (Zhang, Liu, Yang,
Chen, & Jiao, 2017), was selected as model CD compound.

Accordingly, the objectives of the present study were to investigate
(1) the binding behaviors between TCP/TBP and HSA under simulated
physiological conditions of human blood, and (2) the influence of HPCD
on the binding behaviors between TCP/TBP and HSA, by using in vitro
method (fluorescence spectrometry, UV-visible absorption spectrom-
etry, circular dichroism spectroscopy) and in silico method (molecular
docking). The results of the present study would provide valuable sug-
gestions for possible toxicity reduction of DBPs by using HPCD.

2. Materials and methods
2.1. Chemicals and regents

HSA (>96%) and HPCD (>98%) were acquired from J & K chemical
(China), whereas TCP (99%) and TBP (98%) were obtained from Sigma-
Aldrich (USA). Tris-HCl buffer of pH = 7.4 was procured from Solarbio
(China). p-nitrophenyl acetate (98%) was purchased from Macklin
(China). They were analytical grade and used as received without
further purification. Ultrapure water was used throughout the
experiments.

2.2. Sample preparation

The stock solution of HSA (1.0 mmol/L) was prepared by tris-HCIL
buffer of pH = 7.4, and TCP/TBP stock solution (1.0 mmol/L) was
prepared in ethanol. The concentration of HSA was analyzed by using
UV-vis absorbance spectroscopy (Rabbani et al., 2017). All stock solu-
tions were stored in the refrigerator at 4 °C and working solutions were
serial diluted from stock solutions before use. The in vitro analysis were
carried out in simulative physiological condition with a fixed amount of
0.9% (w/v) NaCl concentration and 1 pmol/L HSA, while constantly
changing TCP/TBP concentrations in different conditions.
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2.3. Fluorescence spectroscopy analysis

Lumina fluorescence spectrophotometer (Thermo, Germany) equip-
ped with a 150 W Xenon lamp and a circulating water bath to maintain
required temperatures was used to perform spectroscopy measurements.
Slit widths of 5.0 nm and 5.0 nm were set for the excitation and emission
measurement by using a 1-cm quartz cell. The scan speed was set at 600
nm/min and photo multiplier tube voltage set as 700 V, respectively.
The excitation wavelength of HSA was set at 280 nm at temperatures of
296, 303, 310, and 318 K and emission spectra were recorded in the
range of 300-500 nm. Fluorescence lifetime of HSA was measured by
using an Edinburg FLS-1000 spectrofluorimeter at temperatures of 296
K.

2.4. Isothermal titration calorimetry (ITC) analysis

ITC was measured with a MicroCal iTC200 titration micro-
calorimeter (Malvern Panalytical, USA) in order to calculate the ther-
modynamics parameters for halophenol-HSA interactions as comparison
to fluorescence quenching. The thermodynamics parameters were
analyzed at a temperature of 37 °C by conducting 19 injections of 2 pL
TCP/TBP solutions. The ITC cell’s stirring speed was set as 750 rpm, and
reference power 5 pcal/s.

2.5. Esterase-like activity assay

The influence of TCP/TBP on the esterase-like activity of HSA (5
pmol/L) with and without the presence of HPCD (0.5 mmol/L) was
investigated by reaction with varying concentrations (0.1-0.8 mmol/L)
of p-nitrophenyl acetate (p-NPA) at 310 K. The concentrations of HSA:
(TCP/TBP) were set with ratios of 1:0, 1:5, 1:10, respectively. After
reacting for 2 h, the absorbance of the released product p-nitrophenol
was measured at 405 nm by using Evolution 220 UV-vis spectropho-
tometer (Thermo, Germany) with a slit width of 1.0 nm. The initial re-
action velocities (vy) were calculated from the slope of the absorbance in
the first two minutes reaction period. The kinetic parameters (K, Vmax
and kc,¢) were calculated by using Michaelis-Menten equation according
to the literature (Rabbani, Baig, Lee, Cho, Ma, & Choi, 2017).

2.6. UV-visible absorption analysis

The UV absorbance spectra of HSA in different conditions were
recorded from 200 to 400 nm at the temperature of 296 K in a 1-cm
quartz cell with a slit width of 1.0 nm by using Evolution 220 UV-vis
spectrophotometer (Thermo, Germany).

2.7. Circular dichroism analysis

The circular dichroism spectra were acquired from 200 to 260 nm at
the temperature of 296 K with a 1-mm quartz cell by using Chirascan
spectropolarimeter (Applied Photophysics, UK). Three successive scans
were performed to obtain each circular dichroism spectrum.

2.8. Molecular docking analysis

Molecular docking by using Autodock 4.2 (Morris et al., 2009) was
adopted to study the binding interactions between TCP/TBP and HSA
(PDB code: 1H9Z) (Petitpas, Bhattacharya, Twine, East, & Curry, 2001)
at molecular level. TCP and TBP optimized structures were acquired
from Gaussian 09 by using density functional theory (DFT) method at
the B3LYP/6-311 + G (d,p) level (Frisch, et al., 2009). Gasteiger charges
and polar hydrogens were added to the HSA macromolecule prior to
docking. The crystal HPCD structure was constructed by adding
hydroxy-propyl chains and hydrogen atoms to the p-CD (PDB code:
2Y4S) structure (Vester-Christensen, Hachem, Svensson, & Henriksen,
2010). Blind docking was performed by using a grid box with spacing
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1.000 A and size of 100 A, 100 f\, 100 A along x, y and z axes, respec-
tively. The Lamarckian genetic algorithm (LGA) method with good ef-
ficiency and reliability was chosen to perform ligand conformational
searching and implement molecular docking (Morris et al., 1998). The
docking parameters were set as follows: docking trials, 100; population
size, 150; energy evaluations, 2500000. Pymol 1.7 was adopted to
visualize and analyze the optimized binding mode with the lowest
binding affinity among all the possible binding modes generated for
each of halophenol-HSA, halophenol-HPCD or halophenol-HPCD-HSA
complexes.

3. Results and discussion
3.1. Fluorescence quenching

The fluorescence quenching method has been proved to be an
effective method to investigate the protein-ligand interactions and the
structure information of relative protein (Rabbani, Ahmad, Khan, Ash-
raf, Bhat, & Khan, 2015). Generally, the intrinsic fluorescence of HSA is
contributed by 3 residues, i.e., tryptophan (Trp), tyrosine (Tyr) and
phenylalanine, but actually dominated by only Trp residue (Rabbani &
Ahn, 2019). The quenching of intrinsic fluorescence of protein by li-
gands indicated the binding of ligand to the protein. Fig. 1a-h shows the
effects of increasing concentration of TCP/TBP on the intrinsic HSA
fluorescence intensity at temperatures of 296, 303, 310, and 318 K. For
either TCP or TBP, as a ligand (TCP/TBP) concentration increased, the
emission fluorescence maxima of HSA at A = 346 nm decreased regu-
larly, implying that TCP/TBP could quench the intrinsic fluorescence of
HSA macromolecule through binding interactions. Interestingly, after
addition of HPCD to the TCP/TBP-HSA binding system, it can be clearly
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seen from the graph that the degree of quenching effect for HSA largely
decreased (Fig. 2a-h), indicating that HPCD could hinder the in-
teractions between TCP/TBP and HSA.

3.2. Quenching mechanism and binding parameters

The fluorescence quenching mechanisms could be well described by
two different patterns, static quenching (complex formation) and dy-
namic quenching (molecular collision) which are temperature depen-
dent (Rabbani, Baig, Lee, Cho, Ma, & Choi, 2017). With the temperature
of binding system increases, the fluorescence quenching constant grad-
ually decreases for static quenching, and the opposite phenomenon for
dynamic quenching (Rabbani, Khan, Ahmad, Maskat, & Khan, 2014). To
further understand the mechanism of fluorescence quenching effect of
the TCP/TBP-HSA system, fluorescence quenching constants were
calculated as follows. Correction of the inner filter effect for fluorescence
signal was carried out by using the following equation (Ye, et al., 2020):

Fcor _ 23dAm

2.35A,,
Fops 1= 1070

x 1084 x
1= 10 e

CF =

€9)

where CF stands for the corrected factor, F, and F,ps represent the
corrected and measured fluorescence intensity, the details for inner filter
effect correction can be found in Supplementary Materials (Fig. S1). The
classical Stern-Volmer equation was adopted for fitting analysis of the
fluorescence data after inner filter effect correction (Eftink & Ghiron,
1981):

Fo

& = 1+k7[0] = 1+ K, (0] @

where F and F; are the fluorescence intensities of HSA with and
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Fig. 1. (a-d) Fluorescence emission spectra of HSA (1 pmol/L) in the absence and presence of increasing concentrations of TCP (0-8: 0-120 pg/L with 15 pg/L
intervals) at 296, 303, 310 and 318 K, respectively. (e—h) Fluorescence spectra of HSA (1 pmol/L) in the absence and presence of increasing concentrations of TBP
(0-8: 0-120 pg/L with 15 pg/L intervals) at 296, 303, 310 and 318 K, respectively. (i) Stern-Volmer plots for the TCP-HSA interaction at 296, 303, 310 and 318 K,
respectively. (j) Van’t Hoff plot for the TCP-HSA interaction. (k) Stern-Volmer plots for the TBP-HSA interaction at 296, 303, 310 and 318 K, respectively. (1) Van't
Hoff plot for the TBP-HSA interaction.
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Fig. 2. (a—d) Fluorescence emission spectra of HSA (1 pmol/L) in the absence and presence of increasing concentrations of TCP (0-8: 0-120 pg/L with 15 pg/L
intervals) after addition of HPCD (0.5 mmol/L) at 296, 303, 310 and 318 K, respectively. (e—h) Fluorescence spectra of HSA (1 pmol/L) in the absence and presence
of increasing concentrations of TBP (0-8: 0-120 pg/L with 15 pg/L intervals) after addition of HPCD (0.5 mmol/L) at 296, 303, 310 and 318 K, respectively. (i) Stern-
Volmer plots for the TCP-HSA interaction in the presence of HPCD at 296, 303, 310 and 318 K, respectively. (j) Van’t Hoff plot for the TCP-HSA interaction in the
presence of HPCD. (k) Stern-Volmer plots for the TBP-HSA interaction in the presence of HPCD at 296, 303, 310 and 318 K, respectively. (1) Van’t Hoff plot for the

TBP-HSA interaction in the presence of HPCD.

without the presence of TCP/TBP, respectively. kq is the quenching rate
constant of HSA; as shown in Fig. S2, tg is the average fluorescence
lifetime of the macromolecule in the absence of ligands and the
measured value is 5.639 ns (Table S1); Ky is the Stern-Volmer
quenching constant; [Q] is the concentration of TCP/TBP. As shown in
Fig. 1i and Fig. 1k, the Stern-Volmer plots of fluorescence intensity for
HSA quenched by TCP/TBP at temperatures of 296, 303, 310 and 318 K
showed linear trends, and the slopes for each temperature decreased
obviously with increment of temperature. Accordingly, the calculated
values for kq and Ky at temperatures of 296, 303, 310 and 318 K are

Table 1

listed in Table 1, and the results showed that values for kq and Ky
decreased with rising temperature, implying that the TCP/TBP-HSA
interactions were dominated by static quenching mechanism. Besides,
the values of quenching constant k for TCP and TBP were in the range of
0.710 x 10'*-4.060 x 10'* and 1.709 x 10'*-5.052 x 10** L mol 's7,
respectively, which are all higher than the maximum scatter collision
quenching constant (2.0 x 10'° L mol™! s71) reported for dynamic
quenching (Rabbani, Baig, Lee, Cho, Ma, & Choi, 2017). Besides, the
fluorescence lifetime measurements for HSA showed that lifetime (7o) of
HSA only changed in less than 0.3 ns (Table S1) after addition of TCP/

Binding and thermodynamic parameters for the interactions of HSA with TCP/TBP in the absence and presence of HPCD at different temperatures.

Ligand T(K) Ksy kq(x10*Lmol 's™) K, AH? (kJmol™)  AS°(Imol 'K  TAS®(kJmol™!)  AG®(kJmol™t)
(x10°Lmol™})  R? (x10” Lmol ™)

TCP 296 2.290 +0.084  0.9906  4.060 + 0.149 6.193 ~142.34 -330.18 -97.73 -44.61
303 1.568 +0.055  0.9916  2.780 + 0.097 2.433 ~100.05 -42.29
310 0.883 +0.038  0.9869  1.565 + 0.068 0.606 -102.36 -39.98
318 0.400 +0.013  0.9922  0.710 + 0.024 0.118 ~105.00 -37.34

TBP 296 2.849 +£0.146  0.9820  5.052 + 0.259 9.091 -72.97 -95.36 -28.23 -44.74
303 2,565 + 0.107  0.9879  4.548 + 0.190 3.226 -28.89 -44.08
310 2.073 +£0.067  0.9927  3.677 + 0.119 2.016 -29.56 -43.41
318 0.964 +0.036  0.9905  1.709 + 0.063 1.099 -30.32 -42.65

TCP + HPCD 296 0.508 + 0.010  0.9976  0.901 + 0.017 0.110 -36.16 -7.27 -2.15 -34.01
303 0.440 £ 0.011  0.9955  0.781 + 0.020 0.064 -2.20 -33.96
310 0.387 +0.004  0.9992  0.686 + 0.007 0.049 -2.26 -33.91
318 0.240 + 0.005  0.9963  0.427 + 0.013 0.039 -2.31 -33.86

TBP + HPCD 296 1.142 + 0.056  0.9836  2.026 + 0.099 0.213 -36.16 -58.82 -17.41 -35.32
303 0.925 +0.073  0.9585  1.639 + 0.129 0.082 -17.82 -34.91
310 0.660 + 0.024  0.9907  1.171 + 0.043 0.055 -18.23 -34.50
318 0.437 £ 0.014  0.9929  0.775 + 0.025 0.047 -18.70 -34.03
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TBP, confirming the static quenching mechanism. Thus, the static
quenching mechanism existed in binding interactions between TCP/TBP
and HSA was once again verified.

The binding constants for TCP/TBP-HSA interactions were calcu-
lated by using the most generally valid equation (Eq. (3)) as it considers
both protein residual fluorescence and the concentration of bound or
free ligand (van de Weert & Stella, 2011; Bakar, & Feroz, 2019):

o [P],+[L],+,(‘M—\/([P]IHL]&K’“) 4P

Fo—F, 2[P), 3

where F and F; represent the fluorescence in the presence and
absence of the ligand, F. is the residual fluorescence of fully saturated
HSA, [P], is the total protein concentration, [L], is the ligand concen-
tration, and K, is the binding constant. Table 1 shows the calculated
binding constants. It can be clearly seen from the table that the binding
constants decreased with increasing of temperature owing to possible
destabilization of the TCP/TBP-HSA complexes at higher temperatures,
which further demonstrated the static quenching mechanism for the
TCP/TBP-HSA interactions. The binding constants of both TCP-HSA and
TBP-HSA at four different temperatures were in the range of 0.118 x
107-9.091 x 107 L mol~!, which were much higher than 1 x 10* L
mol ™!, suggesting that interactions for TCP-HSA and TBP-HSA are
strong (Zhang, et al., 2019). The binding constants obtained from ITC
were 0.937 x 10° L mol~! for HSA-TCP interaction and 1.550 x 10° L
mol ™! for HSA-TBP interaction (Table S2), which showed the same trend
and can be comparable to binding constants gained from the fluores-
cence quenching data.

For the interactions of TCP-HSA and TBP-HSA in the presence of
HPCD, the quenching constants kq decreased significantly for both of the
halophenol-HSA complexes compared to those observed without HPCD
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(Fig. 2 and Table 1). Besides, the calculated binding constants for TCP-
HSA and TBP-HSA with the presence of HPCD decreased as well, e.g., the
binding constant of TCP-HSA decreased from 6.193 x 10 to 0.110 x
107 L mol ! at 296 K. These results indicated that either TCP or TBP
molecule may be encapsulated in HPCD, and thus the presence of HPCD
obstructed the interactions between DBPs and HSA macromolecule. As a
result, the bioavailability and toxicity of TCP/TBP may be reduced by
the introduction of HPCD.

3.3. Thermodynamic analysis

The interaction forces which account for protein-ligand interactions
mainly include hydrogen bonding, electrostatic forces, van der Waals
forces, and hydrophobic interactions (Xu et al., 2016). The binding
mode and dominant binding forces could be determined by thermody-
namic parameters, i.e., entropy change (AS?), enthalpy change (AH?)
and change in Gibbs free energy (AG). The values of AH’, AS, and AG®
for the binding interactions between TCP/TBP and HSA were calculated
using equation (4) (van’t Hoff equation) and equation (5), and the re-
sults are listed in Table 1.

AH? AS°
MKe="%r * R )
AG" = AH® —TAS° (5)

where Kg, R, and T represent the binding constant, the universal gas
constant (which is equal to 8.3145J mol ! K’l) and temperature. In this
study, the negative AG? values (Table 1) indicated that the formation of
TCP/TBP-HSA complexes was a spontaneous process (Rabbani, Lee,
Ahmad, Baig, & Choi, 2018). A more negative AG? value could be found
for TBP-HSA complex among TCP/TBP-HSA interactions for each tem-
perature, suggesting a more stable binding mode for TBP-HSA
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interaction compared to TCP-HSA interaction, which could also be
confirmed by ITC data (Fig. 3) analysis as AG’ value was —29.57 kJ
mol ! for TCP-HSA and -30.83 kJ mol ! for TBP-HSA interaction at
temperature of 310 K (Table S2), respectively. It could also be observed
that AH® and AG? values for halophenol-HSA interactions were very
close which obtained by fluorescence and ITC method. Notably, the
result is in accordance with our previous studies that TBP showed
relatively higher toxic potency than TCP based on in vitro (cell cyto-
toxicity) (Zhang, et al., 2020) and in vivo (developmental toxicity) (Yang
& Zhang, 2013) bioassay data.

In addition, the dominant forces accounted for binding interaction
could be well described by positive or negative values of AH’ and AS, e.
g. a positive AS® change indicates hydrophobic interactions, whereas a
negative value of AS® suggests hydrogen binding and van der Waals
forces interactions. In the present study, negative AH’ and AS® can be
found in all binding systems, which confirmed the existence of hydrogen
bonding (Guo, Yuan, & Zeng, 2014). The AH? and AS? values obtained
from ITC all showed negative values for both TCP-HSA and TBP-HSA
interactions, which was believed to be more accurate for thermody-
namic analysis as it directly measures the heat released or taken up
during the interaction (Bouchemal, & Mazzaferro, 2012). Therefore,
from the data given in Table 1, it could be suggested that hydrogen
bonding and van der Waals forces played a major role in the binding of
TCP and TBP with HSA (Guo, Yuan, & Zeng, 2014).

3.4. Esterase-like activity of HSA

The relative modulation of esterase-like activity for HSA in the
presence of different molar ratios of HSA:TCP/TBP (1:0, 1:5, 1:10) were
shown in Fig. S3 and the kinetic parameters were listed in Table S3. It
can be observed that for either HSA-TCP or HSA-TBP interaction, K,
increased while v, increased as well, indicating that binding of TCP/
TBP to HSA didn’t occupy its catalytic site in subdomain IIIA (Rabbani,
Baig, Lee, Cho, Ma, & Choi, 2017), which agreed well with molecular
docking analysis as described later. The progressive increase in the K,
value and decrease in catalytic efficiency (k.q/Km) indicated that
binding of TCP/TBP to HSA triggered the conformational change,
resulting in decrease of relative esterase activity. After addition of
HPCD, this effect became less obvious, showing that HPCD could recover
the conformation change by TCP/TBP. These results were in accordance
with circular dichroism analysis as described later.

3.5. UV absorption and circular dichroism analysis

UV absorption spectroscopy is a simple and effective method which
can be applied to confirm the formation of protein-ligand complex
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(Shen, et al., 2015). The UV absorption spectra of HSA in the presence of
different concentrations of TCP/TBP were performed to investigate the
conformational changes of HSA by addition of TCP/TBP and the results
are shown in Fig. S4. The absorption peak at A = 278 nm represents the
absorption of the aromatic amino acids residues (Trp, Tyr, and phenyl-
alanine) from HSA (Rabbani, Lee, Ahmad, Baig, & Choi, 2018). With
increasing concentrations of TCP/TBP, the HSA absorbance maxima at A
= 278 nm increased, accompanying with an absorption peak at A = 310
nm for TCP-HSA and 315 nm for TBP-HSA gradually appeared and
increased, which can be attributed to the absorbance of TCP/TBP alone.
These UV absorbance results further supported the previous conclusion
that TCP/TBP could interact with HSA to from complexes, resulting in
the alteration of HSA microenvironment, which became less hydro-
phobic (Vidhyapriya, Divya, Manimaran, & Sakthivel, 2019).

Circular dichroism spectroscopy can be applied as a powerful tool to
measure the changes in the secondary structure of proteins causing by
ligand binding interactions (Rabbani, Baig, Lee, Cho, Ma, & Choi, 2017).
Interactions of TCP/TBP with HSA could perturb intermolecular or
intramolecular forces, which as a result destroy the secondary structure
of HSA to some extent (Fig. 4). The structure of HSA mainly constituted
by a-helix, which can be characterized by two negative bands at
approximately 208 and 222 nm (Rabbani, Baig, Lee, Cho, Ma, & Choi,
2017). With the addition of TCP/TBP, the intensities at 208 and 222 nm
changed obviously, indicating the modification of secondary structure of
HSA. The CDPro software was applied to further estimate the extent of
HSA structure changes by calculation of fractions of a-helix, p-sheet,
B-turn and random coil by using SELCON3 method (Sreerama & Woody,
2000). The results showed that when concentrations of TCP/TBP
increased, partial loss of o-helical content can be found for the HSA
structure, accompanying with increment of other fractions e.g. p-sheet,
B-turn and random coil (Table S4). Thus, circular dichroism results
evidently proved either TCP or TBP could cause the secondary structure
changes of HSA through binding interactions, and TBP showed higher
impact compared to TCP. It’s also acknowledged that a protein’s bio-
logical activity function is mainly associated with its the secondary
structure, and a partial loss of a-helix content for HSA could result in its
physiological dysfunction to some extent (Liu, Huang, Jiang, & Tuo,
2021).

With the addition of HPCD, the circular dichroism intensities of TCP/
TBP-HSA binding systems showed a decreasing trend (Fig. 4), implying
that the alterations of the HSA secondary structure could successfully be
recovered by HPCD. The calculated fractions of secondary structure of
HSA also supported this phenomenon (Table S4). The content of a-he-
lical increased from 46.4% to 48.0% for TCP-HSA system and from
44.9% to 47.5% for TBP-HSA system, which is almost identical with the
a-helical content of HSA alone (47.8%). The fluorescence sequential
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Fig. 4. (a) Circular dichroism spectra of HSA (5 pmol/L) in the absence and presence of TCP/HPCD. (b) Circular dichroism spectra of HSA (5 pmol/L) in the absence

and presence of TBP/HPCD.
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addition test could alternatively confirm this phenomenon. As displayed
in Fig. S5, the fluorescence signal of HSA (1 umol/L) firstly decreased to
a certain level from around 26,000 (only HSA) to approximately 19,000
and 18,000 after addition of TCP and TBP (120 ug/L), respectively. After
the addition of HPCD (0.5 mmol/L), the fluorescence recovered to
around 21,000 and 20,000 for HSA-TCP and HSA-TBP binding systems,
respectively.

3.6. Molecular docking analysis

Molecular docking analysis was carried out to further explore the
binding mechanism in terms of binding energy calculation and binding
sites prediction, as well as to explain the observed experimental results.
The results of different binding modes by molecular docking are shown
in Fig. 5 and Table S5. The overall 3D images illustrate that either TCP or
TBP is able to transport into the central area of subdomain IB in HSA
(Fig. 5a-d), which is far away from subdomain IIA that included residue
Trp 214 (Ahmad et al., 2011). Hydrogen bonds can be found for both of
TCP-HSA (LEU135) and TBP-HSA (TYR161) interactions (Fig. 5b and
Fig. 5d). This phenomenon supported the above experimental results
from the thermodynamic analysis that hydrogen bonding played major
roles in complex formation between TCP/TBP and HSA.

The calculated binding affinity between TCP and HSA (-5.07 kcal
mol ™) is less negative than that between TBP and HSA (-5.83 kJ mol™ )
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(Table S5), which follows the order of binding constants obtained from
fluorescence spectroscopy, confirming that stronger interactions were
found for TBP-HSA compared to TCP-HSA.

With the addition of HPCD, it is interesting to find that binding sites
of TCP/TBP with HSA changed from subdomain IB to subdomain IIA
accompanying by HPCD including them inside its cavity. Numerous
studies have proved that CDs could act as a molecular cage which extract
drugs that bound with serum albumin into its cavity through inclusion
interactions (Naik, Pawar, & Tandel, 2018; Rahman, Afrin, & Tabish,
2018). Since HPCD could include hydrophobic compounds such as TCP/
TBP into its cavity (Fig. Se, f), the decrease of binding constants
(Table 1), the recovery of fluorescence intensity (Fig. S5) and secondary
structure change of HSA (Table S4) by HPCD could all be explained by
this phenomenon. In the presence of HPCD, the binding energy for TCP-
HSA interactions decreased from —5.07 to —6.10 kcal mol L. The triple-
component binding system was more stable than the binary binding
system. The inclusion of TCP into HPCD’s cavity could lower down the
binding interactions over TCP-HSA, and as a result lower down DBP
availability towards HSA. The same trend could also be found for TBP-
HSA interactions with binding energy decreased from -5.83 to —6.32
keal mol~!, and TBP-HPCD-HSA triple-component binding system was
also more stable than the corresponding binary binding system. Five
hydrogen bonds were found to be formed between HPCD and residues
(GLN 104, HIS 247) of HSA, which reasonably made the binding more

- —

o' -5 ‘»
Y [ TYR13s)

. LEU135 |
o

Fig. 5. (a, b) The lowest docking energy conformation of TCP-HSA and (c, d) TBP-HSA complex (the yellow dashed-line indicated hydrogen bonding). (e, f) The
lowest docking energy conformation of TCP-HPCD and TBP-HPCD complexes. (g, h) The lowest docking energy conformation of HPCD-HSA complex (the yellow
dashed-line indicated hydrogen bonding). (i, j) The lowest docking energy conformation of TCP-HSA complex in the presence of HPCD (the yellow dashed-line
indicated hydrogen bonding). (k, 1) The lowest docking energy conformation of TBP-HSA complex in the presence of HPCD (the yellow dashed-line indicated
hydrogen bonding). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stable in the triple-component systems than the binary binding systems.
In addition, the hydroxyl group from TCP/TBP could also form hydrogen
bond with HPCD when being included. These docking results could
clearly explain the fluorescence quenching results that the binding
constants of either TCP-HSA or TBP-HSA decreased significantly after
addition of HPCD. Thus, HPCD could lower down the degree of in-
teractions between halophenols and HSA through including them into
its hydrophobic cavity, accompanying with hydrogen bonds formed
between its hydrophilic rim and residues of HSA, which further stabi-
lized the interactions. Therefore, the bioavailability and toxicity of TCP/
TBP tended to be decreased by the presence of HPCD. A previous study
also reported that complexation of HPCD with butachlor can signifi-
cantly reduce the toxicity of butachlor to fishes; with the presence of
HPCD, the 96 h median lethal concentration value increased from 0.65
mg/L to 2.30 mg/L (Geng, Xie, Wang, Cai, Ma, & Ni, 2018).

Molecular docking analysis agreed well with the experimental results
by using in vitro method, and the in silico method further revealed that
the presence of HPCD could include either TCP or TBP into its cavity and
changed their original binding sites from subdomain IB to IIA; moreover,
compared to halophenol-HSA complexes, a more stable binding mode
was found for HPCD-TCP-HSA and HPCD-TBP-HSA triple binding sys-
tems. Considering that HPCD is non-toxic and has been extensively used
in the food industry mainly as food additives, it showed some potential
promising application to decrease the toxicity of DBPs over human body
when ingesting drinking water. The results of the present study would
provide valuable suggestions for possible toxicity reduction of DBPs by
using HPCD.

4. Conclusion

In summary, binding behaviors of two halogenated aromatic DBPs
(TCP and TBP) with HSA were investigated by using in vitro (fluores-
cence quenching, UV absorbance, circular dichroism) and in silico
(molecular docking) method. The experimental results indicated that
TCP/TBP could bind with HSA to form halophenol-HSA complex, and
TBP with a higher toxic potency also showed a higher binding affinity
towards HSA. The binding interactions between TCP/TBP and HSA
could occur spontaneously, and hydrogen bonding and van der Waals
forces were found to be dominant forces that accounted for the stabili-
zation of the complex. The binding of TCP/TBP to HSA changed the
secondary structure of HSA as analyzed by UV absorption and circular
dichroism spectroscopy. Notably, with the involvement of HPCD,
binding constants of TCP-HSA and TBP-HSA complexes decreased
obviously, and the initial change of the HSA secondary structure can be
recovered to some extent. The molecular docking analysis results agreed
well with the experimental results, and the modeling study further
revealed that the presence of HPCD could encapsulated TCP/TBP into its
cavity and changed their original binding sites from subdomain IB to IIA;
moreover, compared to halophenol-HSA complexes, a more stable
binding mode was found for HPCD-TCP-HSA and HPCD-TBP-HSA triple
binding systems. Considering that HPCD is non-toxic, it showed some
potential promising application to decrease the bioavailability and
toxicity of DBPs over human body when ingesting drinking water. These
findings facilitated better understanding of effects of CDs over HSA-
ligand binding system.
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