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Abstract

Catechins, biologically active polyphenols in green tea, exhibit various biological activities,

such as anticancer and antiviral activities, arising from interactions with functional proteins.

However, the molecular details of these interactions remain unclear. In this study, we investi-

gated the interactions between human serum albumin (HSA) and various catechins, including

some with a galloyl group, by means of isothermal titration calorimetry (ITC), differential scan-

ning calorimetry (DSC), and docking simulations. Our results indicate that the galloyl group

was important for recognition by HSA and was responsible for enthalpic gains derived from a

larger buried surface area and more van der Waals contacts. Thus, our thermodynamic and

computational analyses suggest that the galloyl group plays important functional roles in the

specific binding of catechins to proteins, implying that the biological activities of these com-

pounds may be due in part to the physicochemical characteristics of the galloyl group.

Introduction

Catechins are the major functional components of green tea (Camellia sinensis), and some of

these polyphenolic compounds show biological activities, including anticancer and antiviral

activities [1, 2], resulting from their interactions with proteins [3–9]. A detailed understanding

of molecular properties of catechins could lead to applications of catechins in medicine and

food chemistry. Although there have been many experimental studies focusing on catechins

[5, 8–10], the molecular details of the interactions between tea catechins and the proteins

involved in their biological activities have not been fully investigated.

The chemical structure of catechins comprises A, B, and C rings, and some catechins bear a

galloyl group (Fig 1A). The main catechins isolated as natural products include (−)-epicatechin

(EC), (−)-epigallocatechin (EGC), (−)-epicatechin gallate (ECg), and (−)-epigallocatechin gal-

late (EGCg); in addition, various non-natural catechins have been synthesized, including

(+)-catechin (C), (−)-gallocatechin (GC), (−)-catechin gallate (Cg), and (−)-gallocatechin gal-

late (GCg) (Fig 1B). Both the natural and the non-natural catechins have hydroxyl groups (two

or three) at the 30-, 40-, and/or 50- positions of the B ring and a hydroxyl group at the 3-position

PLOS ONE | https://doi.org/10.1371/journal.pone.0204856 October 11, 2018 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Takahashi T, Nagatoishi S, Kuroda D,

Tsumoto K (2018) Thermodynamic and

computational analyses reveal the functional roles

of the galloyl group of tea catechins in molecular

recognition. PLoS ONE 13(10): e0204856. https://

doi.org/10.1371/journal.pone.0204856

Editor: Rajagopal Subramanyam, University of

Hyderabad School of Life Sciences, INDIA

Received: May 22, 2018

Accepted: September 14, 2018

Published: October 11, 2018

Copyright: © 2018 Takahashi et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The Kao Corporation provided support in

the form of salaries for author TT, but did not have

any additional role in the study design, data

collection and analysis, decision to publish, or

preparation of the manuscript. The specific roles of

these authors are articulated in the ‘author

contributions’ section. Additionally, super-

computing resources in this study were provided in

http://orcid.org/0000-0003-2390-4785
http://orcid.org/0000-0001-7643-5164
https://doi.org/10.1371/journal.pone.0204856
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0204856&domain=pdf&date_stamp=2018-10-11
https://doi.org/10.1371/journal.pone.0204856
https://doi.org/10.1371/journal.pone.0204856
http://creativecommons.org/licenses/by/4.0/


of the C ring. Epimerization at the 2-position of the C ring can be induced by heat or changes

in pH [11]. Investigation of the interactions between proteins and various catechin derivatives

and the stereoisomers can be expected to lead to a better understanding of the mechanisms by

which these compounds are recognized by proteins.

Human serum albumin (HSA), which is the most abundant protein in plasma, interacts

with various ligands [12, 13]. For example, flavonoids, including catechins derivatives, interact

with HSA [14,15] and are transported to various tissues, resulting in various biological activi-

ties. Although it has been already reported that catechins interact with HSA [15,16] and the

interaction could increase the cross-reactivity of EGCg with natural IgM antibodies in mouse

serum [17], the molecular-level details of how catechins are recognized by HSA remain

unclear. Understanding structure–activity relationships requires an understanding of the ther-

modynamics of ligand–protein interactions, and the combination of isothermal titration calo-

rimetry (ITC) and spectroscopic techniques has been used to investigate the interaction

between HSA and (+)-catechin [18]. The thermodynamic parameters obtained from ITC

suggested that hydrogen bonds and van der Waals forces are the major binding forces in the

interaction. However, only a single catechin was studied, and the molecular details of the inter-

action were not addressed. Various other experimental techniques, such as mass analysis with

a quartz-crystal microbalance (QCM), fluorescence quenching measurements, high-perfor-

mance affinity chromatography, and affinity capillary electrophoresis, have shown that the gal-

loyl group of catechins interacts strongly with HSA [19–21]. However, most of these previous

studies of the protein–catechin interactions were phenomenological and lacked atomic-level

insights into the interactions.

In this study, we used HSA and 12 catechins (Fig 1) as a model system to investigate the

molecular mechanisms by which proteins recognize catechins. Specifically, we performed

Fig 1. Chemical structures of catechins. (A) Chemical structure of the functional groups in catechins, (B) natural epicatechins (top row) and synthetic

catechins (bottom row), and (C) ethyl gallate and analogs of the galloyl group and catechinsepigallocatechin gallate.

https://doi.org/10.1371/journal.pone.0204856.g001
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thermodynamic analyses of the HSA–catechin interactions, as well as the docking simulations.

Thermodynamic analysis is actively used in pharmaceutical research [22, 23], but it is less

widely employed in studies about interactions between HSA and catechins. Our strategy

involving the combination of thermodynamic analysis with a computational method provided

information about the molecular basis of the HSA–catechin interactions, highlighting the

importance of the galloyl group in the activity of catechins.

Materials and methods

Chemicals

EGCg, ECg, GCg, Cg, EGC, EC, and GC were purchased from Kurita Water Industries Ltd.

(Tokyo, Japan). (+)-Catechin, Na2HPO4�12H2O NaH2PO4�2H2O, NaCl, and ibuprofen were

purchased from Wako Pure Chemicals Co. (Tokyo, Japan). Ethyl gallate (EtGa) was purchased

from Tokyo Chemical Industry Co. (Tokyo, Japan). (−)-Epigallocatechin-30-O-methylether

gallate (EGCg-30-O-Me), (−)-epigallocatechin-40-O-methylether gallate (EGCg-40-O-Me),

(−)-epigallocatechin-300-O-methylether gallate (EGCg-300-O-Me), and (−)-epigallocatechin-400-

O-methylether gallate (EGCg-400-O-Me) were purchased from Nagara Science Co. Ltd. (Gifu,

Japan). Warfarin was purchased from Nacalai Tesque (Kyoto, Japan). HSA was purchased

from Sigma-Aldrich Japan (Tokyo, Japan). We used a non-degreased HSA. The HSA was dis-

solved in a phosphate buffer and the HSA stock solution was prepared by extensive overnight

dialysis at 4˚C. The purity of HSA was checked by using SDS-PAGE.

Isothermal titration calorimetry (ITC)

The binding of the catechins and its analogs to HSA was examined in a VP-ITC instrument

(Microcal Northampton, MA). In a typical experiment, the calorimetry cell was filled with a

solution of HSA (50 μM) in a buffer composed of 50 mM sodium phosphate (pH 6.8). Cate-

chins or its analogs were titrated to a solution of HSA at 298 K at 180-s intervals with stirring

at 307 rpm. The data were analyzed with the Origin software (ver. 7) by means of a single-

binding-site model. The thermodynamic parameters were obtained from three replicate titra-

tions, where the dilution heats of the ligands were subtracted. Changes in heat capacity (ΔCp)

were estimated from the slopes of linear least-squares plots of ΔH versus temperature in the

range from 288 to 303 K measured in 5 K increments.

To obtain information about the HSA binding site of catechins, we carried out competition

assays using ITC. Warfarin was used as a marker for monitoring site I of HSA. The calorimetry

cell was charged with the HSA–EGCg complex ([HSA] = 50 μM, [EGCg] = 500 μM) or the

HSA–EGC complex ([HSA] = 50 μM, [EGC] = 500 μM) in a pH 6.8 buffer composed of 50

mM sodium phosphate and 1% DMSO. Warfarin solution (500 μM in the same buffer) was

loaded into a syringe. Warfarin was titrated into the cell containing either HSA or an

HSA-EGCg complex at 180-s intervals with constant stirring at 307 rpm. The total amount of

heat obtained for each measurement was taken as the total heat quantity (ΔQ), and we verified

whether warfarin and the catechins bound to the same site by comparing the ΔQ from the

interaction between HSA and warfarin. The binding inhibition rate was defined by the equa-

tion belowcalculated as follows:

Binding inhibition rate %ð Þ ¼ 100 �
DQ ðHSA� ligand complexÞ

DQ ðHSA onlyÞ
� 100
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Differential scanning calorimetry (DSC)

The thermal stabilities of HSA and the HSA–ligand complexes were determined by differential

scanning calorimetry in a VP-DSC autosampler instrument (GE Healthcare). The cell was

heated from 303 to 363 K at a rate of 1 K min−1. The concentrations of HSA and the ligands

were 50 and 500 μM, respectively, in a buffer composed of 50 mM sodium phosphate (pH 6.8).

The data analysis was carried out with the Origin software (ver. 7) using a two-state model.

Docking simulations

Using RDKit software [24], we generated fifteen conformers for each catechin. Based on the 50

conformers for each catechin and HSA (PDB ID: 1AO6) as the target protein, we performed

molecular docking simulations with RosettaScripts and the talaris2014 scoring function [25].

Starting structures were prepared by manually placing each catechin at site I or site II of HSA,

respectively. For each docking simulation, 2000 putative HSA–catechin complex structures

were generated, and the structures were ranked by interface score. Shape complementarity as

indicated by the Sc measure, was calculated using the Rosetta libraries [26] as described previ-

ously [27]. Accessible surface area was computed with the NACCESS program [28].

Results and discussion

Structure–activity relationships for HSA–catechin interactions

To characterize the HSA–catechin interactions on the basis of the catechin structures and

thermodynamic data, we used ITC to analyze the interactions between HSA and the eight cate-

chins shown in Fig 1B. To focus on the roles of the galloyl group, we also analyzed the interac-

tion between HSA and EtGa, which was a derivative of the galloyl group (Fig 1C). The ITC

profiles showed that the number of binding sites (N) for the eight catechins and EtGa ranged

from 1.0 to 1.2 (Table 1), suggesting that all of them interacted specifically to a binding site on

HSA. Our ITC results also showed that the catechins having the galloyl group (EGCg, ECg,

GCg, and Cg) had higher binding affinities than the catechins without a galloyl group (EGC,

EC, GC, and C) (S1A Fig, Table 1). The binding affinity of EtGa was lower than the affinities

of the catechins having the galloyl group (S1B Fig), suggesting that it was only in the context of

the entire catechin molecule that the galloyl group improved HSA binding affinity. The differ-

ence in binding affinities between catechins with and without a galloyl group were similar to

Table 1. Parameters for binding of catechins and ethyl gallate to human serum albumin.

Compound N KD

(μM)

ΔH
(kcal mol−1)

−TΔS

(kcal mol−1)

ΔG
(kcal mol−1)

ΔH/ΔG (%)

EGCg a 1.1 ± 0.1 2.2 ± 0.3 −4.7 ± 0.6 −3.0 ± 0.6 −7.7 ± 0.1 61

ECg a 1.0 ± 0.1 1.1 ± 0.1 −5.1 ± 0.5 −3.1 ± 0.5 −8.1 ± 0.1 63

GCga 1.2 ± 0.2 8.8 ± 3.4 −3.0 ± 0.1 −3.9 ± 0.3 −6.9 ± 0.2 43

Cg a 1.0 ± 0.1 3.5 ± 0.5 −2.8 ± 0.6 −4.6 ± 0.7 −7.4 ± 0.1 38

EGC a 1.0 ± 0.2 20 ± 16 −0.6 ± 0.4 −5.8 ± 0.7 −6.3 ± 0.4 10

EC a 1.0 b 49 ± 18 −0.8 ± 0.2 −5.1 ± 0.4 −5.8 ± 0.2 13

GC a 1.0 b 52 ± 16 −1.1 ± 0.5 −4.7 ± 0.7 −5.8 ± 0.2 19

C a 1.0 ± 0.2 5.0 ± 8.6 −0.3 ± 0.1 −6.8 ± 0.7 −7.1 ± 0.6 4

EtGa a 1.0 b 46 ± 23 −1.4 ± 0.1 −4.5 ± 0.4 −5.9 ± 0.3 24

a Each value is the average of at least three independent measurements.
b The binding stoichiometry was fixed to N = 1.

https://doi.org/10.1371/journal.pone.0204856.t001
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the results previously reported [15, 21], although the ITC profiles of catechins without a galloyl

group were not high reliability due to their low affinities. Therefore we discussed the thermody-

namics for the interactions of eight catechins. The thermodynamic profiles revealed that the

binding of EGCg and ECg was enthalpy-driven, whereas the binding of the other catechins was

entropy-driven. It is tempting to speculate that the difference between the enthalpy-driven

binding (such as that for ECg and EGCg) and the entropy-driven binding (such as that for EC

and EGC) was due to the differences between the chemical structures of the catechins, that is, to

the presence of the galloyl group. Although the binding of Cg and GCg, which are epimers of

ECg and EGCg, respectively, was also entropy-driven, the ΔH values for the former two com-

pounds were nevertheless more favorable than the values for EC and EGC, which lack the gal-

loyl group (Table 1). Furthermore, the ΔH of the interaction between EtGa and HSA was more

favorable than the ΔH values for the interactions between HSA and the catechins lacking the

galloyl group. Our ITC analyses suggest that the presence of the galloyl group resulted in a more

favorable ΔH, and the stereochemistry of the catechins, especially that of the galloyl group, was

an important factor determining the thermodynamics of the HSA–catechin interactions.

To further characterize the catechin binding to HSA, we exploited DSC to investigate the

thermal stabilities of HSA in the presence and absence of the catechins. Thermal stabilities of

ligand-bound HSAs were expected to be higher than those of unbound HSA [29]. Previous

studies have shown that catechins could control the biological activities of certain proteins by

physically binding to them and thereby improving their thermal stability [30, 31]. In line with

these observations, our DSC results clearly showed that the catechins enhanced the thermal sta-

bility of HSA, as indicated by its melting temperature (Tm), and that there was a moderate cor-

relation between thermal stability and binding affinity (R = 0.52) (S2 Fig, S1 Table). In addition,

the catechins having the galloyl group showed higher Tm values than those without a galloyl

group. These results suggest that the catechins with the galloyl group bound to HSA more

tightly, which resulted in a more stable HSA–catechin interaction. Thus, the galloyl group may

control the biological activity of proteins through its physical interactions with them.

Driving forces for the HSA–catechin interactions

To elucidate the main driving forces for the HSA–catechin interactions, we conducted ITC

analyses in the presence of NaCl: if binding affinity is increased by the addition of NaCl,

hydrophobic interactions can be considered as the main driving force for binding, whereas if

binding affinity is decreased by the presence of NaCl, the main driving force is electrostatic

interactions [32]. To elucidate the specific role of the galloyl group, we focused on the follow-

ing six compounds: EGCg, ECg, GCg, EGC, EC, and EtGa.

With addition of 0.2 M NaCl, the binding affinities of EGCg, ECg, and GCg decreased,

whereas the affinities of EGC, EC, and EtGa increased (S3 Fig, S2 Table). Therefore, the driv-

ing force for binding of the catechins having the galloyl group (EGCg, ECg, and GCg) was

mainly electrostatic interactions, whereas that for EGC, EC, and EtGa was mainly hydrophobic

interactions. These results imply that when present in a catechin molecule, the galloyl group

enhances the electrostatic interactions between the catechin and the protein.

Roles of the galloyl group in molecular recognition

Our ITC data clearly showed that the catechins having the galloyl group bound to HSA more

strongly than did the catechins without a galloyl group (Table 1). To investigate the role of the

galloyl group in more detail, we performed interaction analyses for EGCg derivatives with a

methoxy group either in the galloyl moiety or in the B ring (Fig 1C). The ITC profiles showed

that the number of binding sites (N) of these methylated catechins ranged from 0.9 to 1.1,

Molecular recognition of catechins to human serum albumin

PLOS ONE | https://doi.org/10.1371/journal.pone.0204856 October 11, 2018 5 / 14

https://doi.org/10.1371/journal.pone.0204856


suggesting that these compounds interacted specifically to a binding site on HSA (S4 Fig,

Table 2). Although the enthalpic gains for all the methylated compounds were larger than the

enthalpic gain for EGCg, no improvement in binding affinity was observed for derivatives

with a methyl group in the B ring (EGCg-30-O-Me and EGCg-40-O-Me) owing to entropic

penalties (Table 2). In contrast, despite showing similar entropic penalties, binding affinity

improvements due to larger enthalpic gains were observed for derivatives with a methoxy

group in the galloyl group (EGCg-300-O-Me and EGCg-400-O-Me); this result implied that the

galloyl group of catechins has more potential in improving binding affinities than the B-ring

in molecular recognition. The interaction between EGCg-300-O-Me and HSA showed the most

increased affinity (KD = 0.20 μM, compared to 2.2 μM for HSA–EGCg). To seek an explana-

tion for this result, we experimentally calculated ΔCp values, which have been shown to corre-

late with changes in the size of the protein–ligand interface: specifically, a more negative ΔCp

means a larger change in the interface size [33, 34]. Plots of ΔH versus temperature showed

that the ΔCp values for EGCg and EGCg-300-O-Me were −148 and −195 cal mol−1 K−1, respec-

tively, suggesting that the interface of the HSA–EGCg-300-O-Me complex was larger than that

of the HSA–EGCg complex (S5 Fig, S3 Table). The only difference between EGCg and EGCg-

300-O-Me is the methyl group at the 300-position of the galloyl group (Fig 1C). Therefore, the

higher binding affinities of the catechins having the galloyl group were due to the ability of the

galloyl group to increase the size of the HSA–catechin interface.

Catechin binding site on HSA

Although we showed that the catechins physically bound to a site on HSA, the nature of the

binding site remains unclear. HSA has two pockets, site I and site II, where numerous small

compounds have been shown to bind [12, 13]. Previous competition assays and molecular

modeling studies suggest that EGCg binds to site I on bovine serum albumin, whose structure

is highly homologous with that of HSA [35, 36]. Warfarin also binds to HSA at site I, as indi-

cated by X-ray crystallography [37]. To determine the binding site of catechins on HSA, we

used ITC to perform competition assays with warfarin, in which the total heat (ΔQ) derived

from the HSA–warfarin interaction was compared with ΔQ values for interactions between

HSA–EGCg or HSA–EGC complex and warfarin, and a binding inhibition rate was calculated

as described in Materials and Methods. These assays showed that ΔQ values for the interac-

tions between the HSA–catechin complexes and warfarin were smaller than the ΔQ for the

HSA–warfarin interaction alone, resulting in smaller binding inhibition rates (S6 Fig). These

observations suggest that the binding sites of warfarin, EGCg, and EGC were identical.

Origin of the enthalpic contribution of the galloyl group

The thermodynamic analyses described above suggested that the galloyl group of the catechins

contributed mainly to the enthalpic gains in the molecular recognition and that the catechins

Table 2. Parameters for binding of methylated catechin derivatives to human serum albumin.

Compound N KD

(μM)

ΔH
(kcal mol−1)

−TΔS

(kcal mol−1)

ΔG
(kcal mol−1)

EGCg 1.1 ± 0.1 2.2 ± 0.3 −4.7. ± 0.6 −3.0 ± 0.6 −7.7 ± 0.1

EGCg-30-O-Me 0.9 ± 0.1 1.6 ± 0.2 −9.3 ± 0.4 1.4 ± 0.3 −7.9 ± 0.1

EGCg-40-O-Me 0.9 ± 0.1 1.7 ± 0.1 −7.0 ± 0.1 −0.8 ± 0.1 −7.9 ± 0.1

EGCg-30 0-O-Me 1.0 ± 0.1 0.14 ± 0.02 −7.9 ± 0.9 1.4 ± 0.9 −9.4 ± 0.1

EGCg-40 0-O-Me 1.0 ± 0.1 1.0 ± 0.1 −9.8 ± 0.1 1.6 ± 0.1 −8.2 ± 0.1

https://doi.org/10.1371/journal.pone.0204856.t002
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interacted specifically with site I of HSA. One of the best methods for further characterizing

the molecular details of protein–ligand interactions is X-ray crystallography. However, such

method is often laborious and time-consuming. An alternative is docking simulations that

model protein–ligand complexes based on unbound-state structures. Hence, to further inter-

pret the thermodynamic profiles at the molecular level, we employed docking simulations [25]

between HSA site I and the 12 catechins, as well as EtGa. For each catechin, we plotted the rela-

tionship between the interface scores of the docking simulations and the experimental ΔG

Fig 2. Correlation between ΔG in vitro and interface score in silico for binding of catechins and ethyl gallate to human

serum albumin.

https://doi.org/10.1371/journal.pone.0204856.g002

Fig 3. Correlations between buried surface area (BSA), shape complementarity (Sc), and ΔG for catechins and ethyl gallate: (A) plot of ΔG versus BSA

and (B) plot of ΔG versus Sc.

https://doi.org/10.1371/journal.pone.0204856.g003
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values from the thermodynamic analysis (Fig 2). A bottleneck in docking simulations occurs

in the orientation and conformational sampling of a ligand in the binding site of a protein. To

handle this bottleneck, we averaged the interface score over the models with the 10 top scores

(S4 Table). We found that the correlation between interface score and experimental ΔG was

very high (R = 0.90); this high correlation implies that, to a reasonable extent, the scoring func-

tion used in the docking simulations were able to capture the physicochemical principles

behind the HSA–catechin interactions (Fig 2).

The structures of the model complexes in which the catechins bound to site I of HSA, as

well as subsequent buried surface area (BSA) calculations, showed that catechins having the

galloyl group had larger BSAs than the catechins lacking the galloyl group; the correlation

between BSA and experimental ΔG was high (R = 0.82, Fig 3A). Furthermore, EGCg and the

methylated derivatives of the galloyl group displayed the larger shape complementarity (Sc)

than the other catechin derivatives; and shape complementarity was also well correlated with

the experimental ΔG (R = 0.76) (Fig 3B). The model of the HSA–EGCg complex obtained

from the docking simulations is shown in Fig 4. Hydrophobicity mapping using the Kyte–

Doolittle scale [38] suggests that site I of HSA has both apolar and polar regions, so that the

Fig 4. Model of a complex between human serum albumin (white) and (−)-epigallocatechin gallate (black) obtained by means of a docking simulation.

Only residues that formed hydrogen bonds with EGCg were shown. Hydrogen bonds were described as cyan dotted lines. The molecular surface of the protein

was colored based on the Kyte–Doolittle hydrophobicity scale (blue for hydrophilic areas and red for hydrophobic areas [38]). The figure was made by the

UCSF Chimera [46].

https://doi.org/10.1371/journal.pone.0204856.g004
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galloyl group of EGCg could form a hydrogen bond as well as well-packed van der Waals con-

tacts with the molecular surface of site I (Fig 4). Thus, these results indicate that the galloyl

group of the catechins increased their binding affinity by increasing the BSA and the shape

complementarity, primarily by means of well-packed van der Waals interactions with the apo-

lar/polar surface of site I of HSA.

The docking scoring function used in this study consists of several physics-based and

empirical terms [25]. To better interpret the docking results, we decomposed the docking

scores into their individual score terms. Because our experimental analyses relied heavily on

physicochemical principles, we focused on two physics-based terms, that is, the electrostatic

contribution (if_X_fa_elec) and van der Waals contributions (if_X_fa_atr and if_X_fa_rep).

We found that catechins having the galloyl group had more-negative values than catechins

without a galloyl group, both for the electrostatic and van der Waals interactions (S7 Fig). This

result suggests that the catechins having the galloyl group tended to exploit these interaction

forces more than the other catechins did, and this result is in agreement with our ITC data on

the HSA–catechin interactions in the presence and absence of NaCl. Furthermore, the binding

affinities measured by ITC were highly correlated with the hydrogen bond energies calculated

in Rosetta [25] (S8 Fig, R = 0.94), which suggests that hydrogen bonds were key determinants

of the interactions between HSA and catechins.

Finally, to confirm that the catechins bind specifically to site I of HSA and to determine

how well site II could accommodate the catechins, we also performed docking simulations

with site II. The interface scores of the docking simulations for site I were better than those for

site II, implying that the catechins bound more favorably bind to site I, which is consistent

with the result of our competition assays showing that the catechins bound to site I (S9 Fig).

Importance of galloyl groups in food chemistry and drug discovery

In this study, we investigated the thermodynamic profiles of the interactions between HSA

and 12 catechins, and our results indicate the importance of the galloyl group in the molecular

recognition of these compounds. This information can be expected to be useful in investiga-

tions of the interactions between catechins and proteins other than HSA. Taste is one of the

important factors determining the palatability of food. There are five basic taste sensations:

sweetness, saltiness, sourness, bitterness and umami. Compounds with galloyl groups are

reported to have a strong bitter taste [39]. Bitter compounds activate human bitter taste recep-

tors (hTAS2Rs) [39, 40], but although several proteins related to the bitterness have been iden-

tified, how such compounds bind to the protein receptors at the molecular level is not clear.

To control bitterness and thus improve the palatability of food, an understanding of the molec-

ular details of the interactions is essential, and our results would help to unveil the physico-

chemical principles behind the protein–catechin interactions.

Compounds having galloyl groups have already been used as medicines; for example, tannic

acid (S10 Fig), which has multiple galloyl groups, has been used to control diarrhea [41]. In the

intestinal tract, tannic acid forms an insoluble coating and binds to proteins, inhibiting inflam-

mation, which results in an astringent effect [42]. Moreover, some small molecules with galloyl

groups, including a potential anticancer agent, bind to human neutrophil elastase and inhibit

its function [43]. To develop drugs that bind specifically to target proteins involved in human

diseases, one must optimize the binding affinities and specificities to the target proteins based

on structure–activity relationships [44]. Although HSA is a reservoir protein for numerous

compounds and we should carefully verify the extrapolating our HSA-catechin interaction to

the potential drug-target protein interaction, our strategy based on physicochemical principles

and computational methods may become a powerful tool for designing small-molecule

Molecular recognition of catechins to human serum albumin

PLOS ONE | https://doi.org/10.1371/journal.pone.0204856 October 11, 2018 9 / 14

https://doi.org/10.1371/journal.pone.0204856


inhibitors and drugs with galloyl groups. In addition, the molecular-level details regarding the

function of the galloyl group elucidated in this study may provide us insight leading to target

validation for biological functions and to the discovery of natural and synthetic compounds

bearing galloyl groups with useful pharmaceutical activities.

Conclusion

In summary, our thermodynamic analyses and docking simulations suggest that the galloyl

group in tea catechins improves the binding affinity of their binding to HSA; the improve-

ments are the result of larger enthalpic gains for the catechin having the galloyl group, gains

derived mainly from larger BSAs, better shape complementarity, and higher hydrogen-bond-

ing propensity. This work is the first to report the physicochemical significance of the galloyl

group and the molecular basis of its involvement in protein recognition. Although various

reports have shown that the galloyl group of catechins interacts with proteins [10, 45], the

molecular details of the binding mechanism were unclear. Our results revealed the functional

roles of the galloyl group in molecular recognition at an atomic-level resolution and may facili-

tate the discovery of new proteins involved in the biological activities of catechins; specifically,

screening proteins by means of thermodynamic analyses that focused on ΔH generated by the

galloyl group would be a plausible approach.

In this study, we focused on the interactions between HSA and 12 catechins as a model sys-

tem. To generalize our findings and further explore the roles of the galloyl group of catechins,

the next logical step would be to extend our analyses to proteins other than HSA, and further

work in this area is underway in our laboratory.
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