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Abstract
The galloyl moiety is a speciﬁc structural feature which dictates, in part, the chemopreventive properties of diet-derived catechins. In ovarian cancer
cells, galloylated catechins were recently demonstrated to target the transforming growth factor (TGF)-β -mediated control of the epithelial-mesenchymal
transition process. The speciﬁc impact of the galloyl moiety on such signaling, however, remains poorly understood. Here, we questioned whether the sole
galloyl moiety interacted with TGF-β -receptors to alter signal transduction and chemotactic migratory response in an ES-2 serous carcinoma-derived ovarian
cancer cell model. In line with the LogP and LogS values of the tested molecules, we found that TGF-β -induced Smad-3 phosphorylation and cell migration
were optimally inhibited, provided that the lateral aliphatic chain of the galloyl moiety reached 8–10 carbons. Functional inhibition of the TGF-β receptor
(TGF-β R1) kinase activity was supported by surface plasmon resonance assays showing direct physical interaction between TGF-β R1 and the galloyl moiety.
In silico molecular docking analysis predicted a model where galloylated catechins may bind TGF-β R1 within its adenosine triphosphate binding cleft in
a site analogous to that of Galunisertib, a selective adenosine triphosphate-mimetic competitive inhibitor of TGF-β R1. In conclusion, our data suggest that
the galloyl moiety of the diet-derived catechins provides speciﬁcity of action to galloylated catechins by positioning them within the kinase domain of the
TGF-β R1 in order to antagonize TGF-β -mediated signaling that is required for ovarian cancer cell invasion and metastasis.
© 2020 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction
Ovarian cancer remains the gynecological malignancy with the
highest mortality rate among women [1,2]. Accordingly, much effort has not only been devoted to search for new therapeutic
strategies but also toward identifying diet-derived chemopreventive interventions [3,4]. As such, signiﬁcant associations between
green tea intake, decreased ovarian cancer occurrence, and better
prognosis have aroused from observational studies [5,6]. Complementary evidence from systematic reviews and meta-analysis observational epidemiologic studies further concluded that ovarian
cancer risk decreased as the consumption levels of total, rather

than isolated-speciﬁc phytochemicals, non-herbal tea increased [7].
More importantly, evidence further points out for concerted actions of a group of molecules termed polyphenols which, mostly in
combination with other phytochemicals or micronutrients, can target multiple molecular processes involved in cancer development
and progression [8].
Ovarian cancer aggressiveness is likely due to the prevalence
of metastatic high-grade serous carcinomas, as well as the absence of early symptoms and early detection strategies [9]. Metastasis, which combines complex molecular processes involving, in
part, cancer cell migration away from the primary site of tumor
[10], has been thought to be targeted by green tea components
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[8,11], and the contribution of epithelial-mesenchymal transition
(EMT) process inferred in such a cell-biological program [12,13].
Characterization of the functional properties associated to a
group of phytochemicals has increased our understanding of the
pleiotropic targeting of mechanisms underlying the epithelial ovarian cancer (EOC) growth-inhibitory effects of green tea-derived
polyphenols [14]. However, the exact relationship between the
structure and biological actions of several green tea catechins
against the early upstream signaling events that trigger EMT remains unaddressed.
EMT can be induced by several growth factors including transforming growth factor-β (TGF-β ), which is considered among the
most potent ones [12]. Incidentally, green tea-derived catechins
were recently found to prevent TGF-β -induced EMT by inhibiting cell migration and the expression of EMT biomarkers in ES2 cells derived from a serous carcinoma ovarian cancer [11,15].
More importantly, it was inferred that catechins presenting a galloyl moiety, namely (-)-epigallocatechin-3-gallate (EGCG), epicatechin gallate (ECG), catechin gallate (CG), and gallocatechin gallate
(GCG), inhibited TGF-β -induced phosphorylation of Smad-3 more
potently than their ungalloylated counterparts [11], thus suggesting
that speciﬁcity of action against the kinase activity of TGF-β receptor 1 (TGF-β R1) may be dictated by the galloyl moiety through a
yet unknown mechanism.
TGF-β R1 is a member of the TGF-β receptor subfamily and a
Ser/Thr protein kinase. It forms a heteromeric complex with type
II TGF-β receptors when bound to TGF-β to transduce the TGFβ signal from the cell surface to the cytoplasm [16]. Inhibition
of TGF-β -mediated signaling by diet-derived catechins, a group
of ﬂavonoids that have been proven consistently to have positive traits, has recently been shown in ovarian cancer cells [11],
anaplastic thyroid carcinoma cells [17], and human lung carcinoma
[18]. Whereas computational molecular docking analysis (CMDA) of
catechins helped explain their health beneﬁts [19] and potential
in drug design strategies [20], there is a lack of understanding on
how the galloyl moiety impacts TGF-β -mediated signaling to control EMT and metastasis.
Cancer chemoprevention with green tea catechins has recently
been inferred to target receptor tyrosine kinases (RTKs) [21]. EGCG,
in particular, has been shown to block the activation of the epidermal growth factor receptor (EGFR) family of RTKs, the activation
of insulin-like growth factor-1 receptor and of vascular endothelial
growth factor receptor-2 [22]. Direct assessment of any biophysical interaction of catechins within the abovementioned RTKs domains remains to be investigated. Here, we investigated the mechanism of action and biophysical interaction by which galloylated
catechins are able to affect the transforming growth factor beta receptor (TGF-β R1) kinase activity.
2. Materials and methods
2.1. Materials
Sodium dodecylsulfate (SDS), all catechins, galloylated compounds, and bovine
serum albumin were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada).
Galunisertib (LY2157299) was from MedChemExpress (Monmouth Junction, NJ,
USA). Electrophoresis reagents were purchased from Bio-Rad (Mississauga, ON,
Canada). The enhanced chemiluminescence reagents were from Amersham Pharmacia Biotech (Baie d’Urfé, QC, Canada). Micro-bicinchoninic acid protein assay
reagents were purchased from Pierce (Rockford, IL, USA). The polyclonal antibodies against Smad-3 and phosphorylated Smad-3 were obtained from Cell Signaling Technology Inc. (Danvers, MA, USA). Horseradish peroxidase-conjugated donkey
anti-rabbit and anti-mouse IgG secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA).
2.2. Cell culture
Human serous carcinoma-derived ES-2 ovarian cancer cells were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were

grown as a monolayer with McCoy’s 5a Modiﬁed Medium for ES-2 cells (Wisent,
317-010-CL) containing 10% fetal bovine serum (Life Technologies, Carlsbad, CA, USA,
12483-020), 100 U/mL penicillin, and 100 mg/mL streptomycin (Wisent, 450-202EL). Cells were cultured at 37°C under a humidiﬁed 95%–5% (v/v) mixture of air
and CO2 .
2.3. Immunoblotting procedures
ES-2 ovarian cancer cells were lysed in a buffer containing 1 mM each of NaF
and Na3 VO4 , and proteins were separated by SDS-polyacrylamide gel electrophoresis. After electrophoresis, proteins (30 μg) were electrotransferred to polyvinylidene
diﬂuoride membranes, which were then blocked for 1 h at room temperature with
5% nonfat dry milk in Tris-buffered saline (150 mM NaCl, 20 mM Tris-HCl, pH 7.5)
containing 0.3% Tween-20 (TBST; Bioshop, TWN510-500). Membranes were further
washed in TBST and incubated with the appropriate primary antibodies (1/1,0 0 0 dilution) in TBST containing 3% bovine serum albumin and 0.1% sodium azide (SigmaAldrich, Canada, S2002), followed by a 1-h incubation with horseradish peroxidaseconjugated donkey anti-rabbit or anti-mouse IgG at 1/2,500 dilutions in TBST containing 5% nonfat dry milk. Immunoreactive material was visualized by enhanced
chemiluminescence.
2.4. TGF-β R1 kinase assay
The activity of the TGF-β R1 kinase was assessed using the adenosine diphosphate (ADP)-Glo Kinase Assay kit (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Brieﬂy, this luminescent kinase assay is based on measures of the ADP formed from a kinase reaction. The adenosine triphosphate (ATP)
remaining after completion of the kinase reaction is depleted prior to an ADP-toATP conversion step and quantitation of the newly synthesized ATP converted into
light by Ultra-Glo Luciferase. Linearity of the ADP-Glo Kinase Assay was assessed
by generating an ATP-to-ADP conversion curve prepared at 50 μM ATP+ADP concentration range. We found that the reaction was linear up to 100 ng of enzyme
(Fig. 4A). Within the linear range, we decided to use 40 ng of the TGF-β R1 kinase
domain to test all of the catechins as well as our different galloylated molecules.
2.5. Cell migration assay
Cell migration assays were carried out using the Real-Time Cell Analyzer DualPlate instrument of the xCELLigence system (Roche Diagnostics, Basel, Switzerland).
Adherent ES-2 ovarian cancer cells were trypsinized and seeded (20,0 0 0 cells/well)
onto CIM-Plates 16 (Roche Diagnostics, Basel, Switzerland). These migration plates
are similar to conventional Transwells (8-μm pore size) but have gold electrode arrays on the bottom side of the membrane to provide real-time measurement of cell
migration. Prior to cell seeding, the underside of the wells from the upper chamber were coated with 25 μL of 0.15% gelatin in phosphate buffered saline (PBS) and
incubated for 1 h at 37°C. Cell migration was monitored for 8 h in the presence or
absence of TGF-β and the indicated galloylated molecules. The impedance values
were measured by the Real-Time Cell AnalyzerDual-Plate instrument software and
were expressed in arbitrary units as Normalized Cell Migration Index. Each experiment was performed 3 times in triplicate.
2.6. Surface plasmon resonance analysis
Surface plasmon resonance (SPR) analyses were performed using a Biacore T200
instrument (GE Healthcare, Chicago, IL, USA). The running buffer was PBS supplemented with 0.05% Tween-20 and the temperature was set to 25°C. The recombinant kinase domain of TGF-β R1 protein (TGF-β R1-1495H Human, Creative BioMart,
Shirley, NY, USA) was immobilized on a carboxymethylated dextran CM7 sensor
chip (GE Healthcare, Chicago, IL, USA) following the amine coupling kit protocol (GE
Healthcare, Chicago, IL, USA). After surface activation, TGF-β R1 protein (25 μg/mL
in 10 mM sodium acetate buffer, pH 4.5) was injected at a ﬂow rate of 10 μL/min
to reach a level of immobilization of 23,0 0 0 RU. The surface was then deactivated
by the injection of an ethanolamine solution. The same procedure was used without
TGF-β R1 protein to create a reference channel. Steady-state bindings of catechins or
galloylated molecules over the immobilized recombinant protein sensor chip were
evaluated at increasing concentrations (5 nM–5 μM) at a ﬂow rate of 30 μL/min.
The sensor chip was regenerated after each cycle by injecting a 10 mM glycine solution, pH 3.0, for 30 s. Binding sensorgrams were obtained by subtraction of the
reference ﬂow cell (without protein). Data analysis was performed using the BIAevaluation software package (GE Healthcare, Chicago, IL, USA) and ﬁtted to a one-site
Langmuir binding model.
2.7. CMDA
Molecular docking analysis of catechins and galloylated molecules to the
TGF-β R1 kinase domain (PDB ID: 5e8s) was performed using AutoDock Vina
(Scripps Research Institute, San Diego, CA, USA) [23] and the following compounds: CG( CHEMBL483083), GCG( CHEMBL264938), ECG( CHEMBL36327), EGCG(
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Fig. 1. Green tea-derived galloylated catechin EGCG alters TGF-β -mediated Smad-3 phosphorylation. (A) Serum-starved ES-2 ovarian cancer cells were treated for 18 h with
either vehicle, 30 μM EGC, or 30 μM EGCG. TGF-β (10 ng/mL) treatment was then performed for the indicated time and cell lysates collected for immunoblotting. (B)
Densitometric quantiﬁcation of the extent of Smad-3 phosphorylation normalized on total Smad-3 from a representative experiment. (C) Serum-starved ES-2 cells were treated
with the indicated catechins and the corresponding cell lysates collected for SDS-PAGE, Western blotting, and immunodetection as in A. EGCECM, extracellular matrix; EGCG,
epigallocatechin-3-gallate; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis; TGF-β , transforming growth factor beta.

CHEMBL297453), Galunisertib (CHEMBL2364611), Ethyl gallate (CHEMBL453196),
Propyl gallate (CHEMBL7983), Butyl gallate (CHEMBL494005), Octyl gallate
(CHEMBL277346), and Dodecyl gallate (CHEMBL16121). Prior to molecular docking
simulations, the structure of TGF-β R1 was prepared by removing water molecules,
bound ligands and by adding hydrogen atoms. A box size of 60Å × 60Å × 60Å
centered on coordinates (9.074, 1.278, and 12.326) was chosen to allow the entire surface of the protein to be used for docking. The exhaustiveness parameter
of AutoDock Vina was increased from 8 to 100 to account for the large size of
the chosen box. Docking was performed with the TGF-β R1 kinase domain maintained as a rigid body. The maximum number of binding poses to generate as well
as the maximum energy difference between the best and worst models were both
kept at default values, that is to say nine binding poses and 3 kcal/mol, respectively. The positioning of the ATP molecule within the active site of TGF-β R1 was
approximated by aligning the structure of the kinase domain of MLK4 (pdb 4uya)
that contains ATPγ S to the structure of the kinase domain of TGF-β R1 (pdb 5e8s).
Visualization and overlays were performed in PyMOL [24]. Molecular interactions
between the catalytic domain of TGF-β R1 and docked ligands were analyzed using
PyMOL and Discovery Studio Visualizer [25].
2.8. Statistical data analysis
Unless otherwise stated, data and error bars were expressed as means ± SEM of
three or more independent experiments. Statistical analysis of data was performed

by one-way ANOVA with Tukey’s post-test to establish differences among groups.
Probability values of less than 0.05 were considered signiﬁcant and an asterisk
identiﬁes such signiﬁcance in the ﬁgures. Sigmastat (Jandel Scientiﬁc Software, San
Rafael, CA, USA) was used for all analyses.

3. Results
3.1. The galloyl moiety of green tea-derived catechins alter
TGF-β -mediated Smad-3 phosphorylation
The requirement of the galloyl moiety was ﬁrst assessed by
comparing the effects of EGC or EGCG on the TGF-β -mediated
phosphorylation of Smad-3 in ES-2 ovarian cancer cells. Protein
lysates were obtained from cells which were pretreated with vehicle, EGC, or EGCG for 24 h, and then stimulated with TGF-β for
up to 2 h. Proteins from the lysates were then separated using SDSpolyacrylamide gel electrophoresis. The extent of Smad-3 phosphorylation was assessed by immunoblotting (Fig. 1A), and found to
peak at 30 min (Fig. 1B). Whereas EGC had no effect on TGF-β induced Smad-3 phosphorylation, EGCG was found to virtually in-
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Fig. 2. Galloylated molecules alter TGF-β -mediated Smad-3 phosphorylation. (A) Molecular structures of 6 galloylated molecules and of Galunisertib. (B) Smad-3 and phosphorSmad-3 immunoblotting of lysates collected from serum-starved ES-2 ovarian cancer cells that were pretreated for 18 h with either vehicle or 10 μM of the indicated galloylated
molecules or Galunisertib, and then with TGF-β (10 ng/mL) for 30 min. (C) Densitometric quantiﬁcation of the extent of Smad-3 phosphorylation normalized on total Smad-3
from 3 independent experiments. TGF-β , transforming growth factor beta.

hibit completely such signalling (Fig. 1B). The galloyl requirement
for Smad-3 pathway inhibition was further investigated with other
members from the catechin family, and we found that catechin,
gallocatechin, and epicatechin did not inhibit Smad-3 phosphorylation while CG, GCG, and ECG did (Fig. 1C). This suggests that the
galloyl moiety plays a critical role in the inhibition of TGF-β R kinase activity.
3.2. The galloyl moiety contributes to the inhibition of the Smad-3
phosphorylation pathway
Given that the galloyl moiety appeared to potentiate the action
of several of the catechins tested, we assessed the sole impact of
six different galloylated molecules including Sodium (Na) gallate,
Ethyl gallate, Propyl gallate, Butyl gallate, Octyl gallate, and Dodecyl gallate (Fig. 2A). When ES-2 cells were pretreated with the indicated galloylated molecules, a pharmacological inhibition of TGFβ -induced Smad-3 phosphorylation was observed for all gallates
(Fig. 2B), with both Octyl gallate and Dodecyl gallate being able to
strongly inhibit Smad-3 phosphorylation (Fig. 2C). Interestingly, the
inhibition observed with gallate derivatives mimicked that of Galunisertib (LY2157299) (Fig. 2C), an orally available small molecule
antagonist of TGF-β R1, currently in clinical trials against glioma,
ovarian, uterine, breast and pancreatic cancers [26,27]. This suggests that the galloyl moiety alters the overall kinase activity, possibly also by competing with ATP for the binding of TGF-β R1.
3.3. The galloyl moiety antagonizes TGF-β -induced cell migration
Given the above-altered Smad-3 phosphorylation upon galloylated molecules treatment, the ES-2 ovarian cancer cell chemotactic response to TGF-β was next assessed. TGF-β was found to
trigger ES-2 cell migration (Fig. 3A, control), whereas the extent
of such chemotactic response diminished progressively with the

length of the aliphatic chain of the galloyl moieties tested. The efﬁcient chemotactic decrease in response to TGF-β was observed
in cells treated with Butyl-, Octyl-, and Dodecyl-gallate, and found
to be as effectively decreased as in cells treated with Galunisertib
(Fig. 3B).
3.4. The galloyl moiety likely competes with ATP for the binding of
the TGF-β R1 kinase domain
We next assessed the capacity of the galloylated molecules to
modulate the phosphorylation activity of the puriﬁed kinase domain of TGF-β R1 using an ADP detection assay. Interestingly, all
of the molecules that we tested through this acellular assay were
found to alter, at least to some extent, the in vitro TGF-β R1 kinase activity. This is possibly due to the lack of any restrictions
which would potentially be caused by the plasma membrane for
instance and that would be imposed in a cellular assay. In coherence with the above cellular assays performed, we still conﬁrmed
that CG, GCG, and EGCG were signiﬁcantly more potent than their
respective catechin, gallocatechin, and epigallocatechin ungalloylated counterparts to inhibit the TGF-β R1 kinase activity (Fig. 4B).
No signiﬁcant difference could be observed between ECG and EC,
although ECG tended to exhibit a slightly higher inhibition than
EC. When the sole galloylated molecules were tested (Fig. 4C), Na
gallate, Ethyl gallate and Propyl gallate were found to poorly inhibit TGF-β R1 kinase activity in line with their lack of effect in
the above documented cellular assay, whereas all the others displayed robust inhibition with Dodecyl gallate being the most potent one (Fig. 4B). The fact that Ethyl gallate and Propyl gallate
were unable to alter kinase activity, but still able to inhibit TGF-β mediated Smad-3 phosphorylation, raises the possibility that these
two molecules are poorly amenable to cross the plasma membrane
or that they may inhibit TGF-β -mediated Smad-3 phosphorylation
through an independent mechanism potentially by interfering with
TGF-β R2 heterodimerization.
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Fig. 3. Galloylated molecules alter TGF-β -induced cell migration. (A) Serum-starved cells were treated with 10 μM of the indicated galloylated molecules for 18 h. Then,
real-time ES-2 ovarian cancer cell migration was performed in the presence (closed circles) or absence (open circles) of 10 ng/mL TGF-β for up to 8 h. (B) Relative chemotactic
responses to TGF-β are represented for each of the conditions tested. TGF-β , transforming growth factor beta.

3.5. Galloylated catechins directly interact with TGF-β R1
We next assessed the potential biophysical interaction capacity of the recombinant TGF-β R1 kinase domain with either
the galloylated catechins, the ungalloylated catechins, or the galloylated molecules through SPR biosensor technology. CG, ECG,
GCG, and EGCG were found to strongly interact with the TGFβ R1 kinase domain whereas ungalloylated catechins demonstrated

signiﬁcant lower interaction. Indeed, whereas dissociation constants were 2–3 μM for ungalloylated catechins, they were ˜3
times lower for galloylated catechins with dissociation constants
of 0.7–0.9 μM (Fig. 5A). Galloylated molecules were found to
have the highest aﬃnity for the TGF-β R1 kinase domain. Particularly, Octyl gallate and Dodecyl gallate interacted with TGFβ R1 kinase domain with dissociation constants of 0.3 and 0.02
μM, respectively. Interestingly, the dissociation constants mea-
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Fig. 4. The galloyl moiety is suﬃcient to bind TGF-β R1 and inhibit its kinase activity. (A) ADP production measurement by a puriﬁed kinase domain of the TGF-β R1 kinase
domain incubated with a phosphate donor substrate. Signal linearity of the phosphorylation reaction, as catalyzed by increasing concentrations of the TGF-β R1 kinase domain.
(B) Kinase activity of 50 ng of the TGF-β R1 kinase domain tested in the presence or not of the catechins (30 μM), as well as of the different galloylated molecules (10 μM).
(C) Dose-response inhibition of TGF-β R1 activity. Extracted IC50 values from curves could not be computed for Na-Gallate. They were >300 μM for Ethyl gallate, and Propyl
gallate. They were 62±7, 31±3, and 18±6 μM respectively for Butyl gallate, Octyl gallate, and Dodecyl gallate. TGF-β R1, transforming growth factor beta receptor.

sured for galloylated molecules were similar to that of Galunisertib (0.7 μM; Fig. 5A). An important distinction must be made
here between the cellular and acellular inhibitory activities of the
tested compounds assayed in order to account for their capacity to access the TGF-β R1 kinase domain. As limitations in per-

meability and, ultimately, bioavailability, of a given catechin can
substantially alter its capacity to target membrane bound proteins or intracellular transducing events, we computed the LogP
and LogS values [28] to help address their respective partitioning
within the plasma membrane bilayer which may result in a dif-
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Fig. 5. Dissociation constants for the binding of ungalloylated catechins, galloylated catechins, and galloyl molecules to the TGF-β R1 kinase domain. The kinase domain of
TGF-β R1 was immobilized on CM5 sensor chips and increasing amounts (0–100 μM) of different catechins and galloyl molecules were assayed for interaction by SPR. (A)
Dissociation constants derived from representative sensograms (not shown), and plotted against LogP and LogS for the (B) galloylated and ungalloylated catechins, or (C)
galloyl moieties. SPR, surface plasmon resonance; TGF-β R1, transforming growth factor beta receptor.

ferential cellular uptake [29]. Catechin gallate derivatives appeared
to exhibit potential higher capacity to cross the plasma membrane
than their ungallated parent compound (Fig. 5B) as was previously
suggested [30]. This is in agreement with the galloylated compounds tested, as cellular uptake may likewise be low for poorly
hydrophobic compounds with low LogP and high LogS features
(Fig. 5C).

3.6. CMDA illustrate how the galloyl moiety could inhibit kinase
activity by competing with ATP for the binding of TGF-β R1
In vitro experimentations performed thus far suggest that the
galloyl moiety hinders TGF-β R1 kinase activity, possibly by interfering with ATP binding and hydrolysis. To determine in silico
whether galloylated compounds could effectively localize at the
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Table 1
Binding energy (kcal/mol) estimated by AutoDock Vina for the binding of the TGF-β R1 kinase domain to gallolylated catechins,
ungalloylaled catechins, galloyl derivatives and Galunisertib
Binding energy (kcal/mol)
Rank
1
2
3
4
5
6
7
8
9

Ethyl

Propyl

Butyl

Octyl

Dodecyl

C

CG

GC

GCG

EC

ECG

EGC

EGCG

Galu

−7.2
−7.2
−6.8
−6.6
−6.6
−6.6
−6.6
−6.5
−6.5

−6.6
−6.6
−6.6
−6.6
−6.4
−6.3
−6.3
−6.0
−6.0

−7.6
−7.1
−7.1
−7.0
−6.9
−6.8
−6.6
−6.5
−6.3

−7.1
−7.1
−7.1
−7.0
−7.0
−6.8
−6.8
−6.8
−6.8

−7.2
−7.1
−7.1
−7.0
−7.0
−7.0
−7.0
−6.9
−6.9

−8.6
−8.4
−8.4
−8.3
−8.1
−8.1
−8.1
−7.9
−7.8

−11.1
−11.1
−9.9
−9.9
−9.8
−9.8
−9.2
−9.2
−9.0

−9.4
−8.9
−8.9
−8.9
−8.9
−8.9
−8.7
−8.3
−8.1

−10.9
−10.9
−10.5
−10.5
−10.5
−10.5
−10.4
−10.4
−10.2

−8.9
−8.8
−8.8
−8.7
−8.5
−8.5
−8.4
−8.3
−8.3

−10.6
−10.4
−10.4
−10.3
−10.1
−10.0
−9.7
−9 .6
−9.5

−9.3
−8.9
−8.9
−8.8
−8.8
−8.7
−8.7
−8.4
−8.2

−10.7
−10.7
−10.3
−10.3
−10.3
−10.1
−10.1
−10.0
−10.0

−9.8
−8.3
−8.2
−7.9
−7.9
−7.7
−7.7
−7.6
−7.6

Abbreviations: C, catechin; CG, catechin gallate; EGC, epigallocatechin; EGCG, epigallocatechin-3-gallate; GC, gallocatechin; GCG,
gallocatechin gallate; EC, epicatechin; ECG, epicatechin gallate; Galu, Galunisertib..
Values in gray indicate that the molecule is outside of the ATP-binding pocket. Values in bold indicate that the gallate moiety is
located within subpocket A.
ATP binding site and compete with ATP, we performed CMDA on
the TGF-β R1 kinase domain. To validate our docking protocol, we
started by docking Galunisertib to the kinase domain of TGF-β R1.
Consistent with previous docking results [31] and the co-crystal
structure [32], Galunisertib effectively localized to the ATP-binding
cleft of TGF-β R1 (Fig. 6A and B). We then used the same protocol to dock galloylated catechins to the kinase domain of TGF-β R1.
Superimposition of the docked ligands revealed similar receptor
binding modes with catechins also localizing at the ATP-binding
site of TGF-β R1 within the same general vicinity as Galunisertib
(Fig. 6A and C). To understand the speciﬁc effect of the galloyl
moiety, we performed CMDA on the TGF-β R1 kinase domain and
the ﬁve gallate derivatives used previously. In the case of octyl gallate and dodecyl gallate docking, all of highest scoring molecules
adopted very similar orientations within the ATP binding pocket
(Fig. 6D). In all of these cases, the gallate moieties are accommodated in a sub-pocket (sub-pocket A) through interactions with the
side chains of Lys-232, Glu-245, Tyr-249, Leu-260, Ser-280 as well
as the main chain at positions 278 and 351 whereas the aliphatic
portion of the galloylated compounds are all accommodated in another sub-pocket (sub-pocket B) formed by the sidechains of Ile211, Val-219, Leu-260, Tyr-282, and Leu-340 as well as the main
chain of residues 281–286. Galloyl moieties further appeared to
involve interactions with Ser-280, a residue that has been associated with inhibitors speciﬁcity toward TGF-β R [32,33]. In the case
of ethyl gallate, propyl gallate and butyl gallate dockings, binding
was also observed at other locations than the ATP pocket in one
case out of nine for butyl gallate, and three cases out of nine for
ethyl gallate (Table 1). Furthermore, in cases where the molecules
indeed localized to the ATP-binding pocket, the gallate group was
not always located in sub-pocket A. Indeed, gallate was found in
sub-pocket A six cases out of nine for butyl gallate, six cases out
of nine for propyl gallate, and four cases out of nine for ethyl gallate. Overall, these results suggest that the ability of the galloylated
compounds to inhibit TGF-β -mediated signaling could be achieved
through binding to the ATP-binding pocket and by acting as an ATP
competitive inhibitor, thereby preventing intracellular phosphorylation of Smad2/3 and downstream signaling cascade in a manner
similar to that of Galunisertib [33].
4. Discussion
EMT is a latent developmental process that is re-activated
during cancer progression and, as such, plays a crucial role

in the aggressiveness of EOC through increased invasion ability and resistance to therapy [34]. Not surprisingly, strong evidence links chemoresistance to EMT, and discovery of novel therapeutic modalities that target EMT in EOC should improve the
clinical outcome of patients suffering from such lethal gynecological malignancies [35]. In a previous study, we analyzed the
structure-to-chemopreventive function relationship of eight catechins against TGF-β -mediated EMT in ES-2 ovarian cancer cells,
demonstrating inhibitory effects mainly for the catechins carrying
a galloyl moiety [11]. Here, we expanded on these observations
by showing the importance of the galloyl moiety of green teaderived catechins for the biophysical interaction with TGF-β R1 kinase, as well as for inhibition of TGF-β -mediated signaling and cell
migration.
Our study suggests that the chemopreventive activities of galloylated catechins and gallate molecules may be accomplished
through direct interaction with the TGF-β R1 kinase domain, which
then prevents phosphorylation of TGF-β -induced Smad-3 and cell
migration likely by competing with the ATP-binding site, similarly
as for the TGF-β R1 inhibitor Galunisertib. Although we have focused our attention on the signaling pathway transduced by TGFβ R1, it is important to note that other routes may also result in
the inhibition of TGF-β -mediated Smad-3 phosphorylation and cell
migration, in accordance with our observation that Ethyl gallate
and Propyl gallate were unable to alter TGF-β R1 kinase activity yet
were still able to inhibit TGF-β -mediated Smad-3 phosphorylation.
Moreover, one can not preclude that the tested catechins potentially also target the kinase activity of TGF-β R2 to phosphorylate
TGF-β R1 and trigger the subsequent oligomerization required for
cell signaling.
Emphasis was also put in this study in characterizing and clarifying the relevance of the galloyl moiety. We hereby demonstrated
that gallate derivatives are suﬃcient to trigger TGF-β -mediated
Smad-3 phosphorylation as well as TGF-β -induced cell migration, provided that their esteriﬁed aliphatic chains are of suﬃcient length. Results from direct biophysical interactions, obtained
by SPR, indeed revealed that gallate derivatives bind the TGF-β R1
kinase domain with high aﬃnity and in a chain length dependent manner. Indeed, while dissociation constants of Sodium gallate to Butyl gallate for TGF-β R1 were in the 1–2 μM range, those
for Octyl gallate and Dodecyl gallate were 10–100 times lower respectively (Fig. 5A). Consistent with these biochemical data, CMDA
indicated that the galloylated moiety is suﬃcient to promote the
localization of the molecules to the ATP-binding site of the TGF-
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Fig. 6. Computational molecular docking analysis reveals how galloylated catechins bind the TGF-β R1 kinase domain. (A) Overlays of the docked ligands within the TGF-β R1
kinase domain. TGF-β R1 kinase is in cartoon representation while Galunisertib and galloylated catechins are in stick representation. ATP is colored in green, Galunisertib is
colored in purple while CG, GCG, ECG, and EGCG are colored in yellow. Dockings of Galunisertib and galloylated catechins were performed using AutoDock Vina and visualized
using PyMOL, whereas ATP positioning was obtained from the structure of the kinase domain of MLK4 (pdb 4uya) following alignment with the kinase domain of TGF-β RI.
(B) ATP-binding pocket of TGF-β R1 occupied with docked inhibitor Galunisertib. (C) ATP-binding pocket of TGF-β R1 occupied with docked galloylated catechins. (D) Docking
positions of gallate derivatives in the ATP-binding pocket of TGF-β RI. The carbon atoms of the gallate moieties are colored in gray while the aliphatic chains are colored in
yellow. In this panel, residues of the kinase domain of TGF-β RI that contact the gallate moiety are colored in magenta, whereas those that contact the aliphatic chains are
colored in cyan. CG, catechin gallate; ECG, epicatechin gallate; EGCG, epigallocatechin-3-gallate; GCG, gallocatechin gallate; TGF-β , transforming growth factor beta.
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β R1 kinase domain (Fig. 6A). For its part, the dependence of aﬃnity on chain length could be explained by the fact the aliphatic
carbon chains esteriﬁed to the galloyl moiety increase the overall
binding aﬃnity by interacting with hydrophobic surfaces on TGFβ R1. In that sense, these aliphatic chains can act as a proxy for
catechins and other chemical groups that are found in association
with galloyl groups in green tea. Within the galloylated series, we
also noticed that compounds with higher LogP and lower LogS interact more strongly with the kinase domain. This suggests that
additional hydrophobic interactions help stabilize the galloylated
compounds within the kinase domain binding site. This is coherent with our docking results where butyl, octyl and dodecyl compounds have a lower binding energy (tighter binding) than ethyl
and propyl compounds (Table 1).
Other groups have reported the binding of gallated catechins
to a number of protein targets including protein kinases [36]. Our
own biophysical and CMDA analyses are in general agreement with
CMDA of EGCG to ribosomal S6 kinase (RSK2), another Ser/Thr kinase, where EGCG prevents ATP recognition by binding the kinase
between the N- and C-lobes [37,38]. Multiple co-crystal structures
as well as CMDA have demonstrated how kinases can accommodate a structurally diverse set of molecules. In the case of TGF-β R1,
CMDA showed that the site that we identiﬁed for gallate binding
can also bind Luteolin, a structure-related ﬂavonoid, through the
formation of hydrogen bonds with Glu-245, Lys-232, Asp-351, Ser280, Ser-287, and Ala-230 of TGF-β R1 [39]. Finally, EGCG binding
to TGF-β R2 has also recently been inferred through immunoprecipitation and aﬃnity chromatography approaches [40]. This opens
up the interesting possibility that, in complement to altering kinase activity associated with TGF-β -mediated signaling, interference with hetero-oligomerization between TGF-β R1 and TGF-β R2
at the cell surface may also explain part of the galloylated catechins inhibitory effects. Such suppressive effect is believed to
already occur through altering membrane lipid organization and
subsequent inhibition of EGFR dimerization processes [41].
5. Conclusion
Overall our observations strengthen mounting evidences that
the galloyl moiety plays a critical role in a crucial signaling pathway regulating EMT, and that targeting kinase activity is of particular pharmacological importance. Our study further reinforces
other recent structure-function studies where a role for the galloyl moiety in both direct and indirect interactions of green tea
catechins was demonstrated with fatty acid synthase [42], or with
MT1-MMP interactors-mediated oncogenic processes [43]. Inhibition of HuR and MMP-9 expression in macrophage-differentiated
HL-60 myeloid leukemia cells was also shown to require the presence of the galloyl moiety [44]. In conclusion, the gallate moiety
would thus be a good candidate to include in the future design
of pharmacological molecules targeting metastatic molecular processes.
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