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Nonspecific binding of small molecules to proteins influences transdermal permeation and intestinal absorption, yet
understanding of the molecular and thermodynamic basis is still limited. In this study, we report all-atom, fully solvated
molecular dynamics simulations of the thermodynamic characteristics of epigallocatechin-3-gallate (EGCG) binding kera-
tin. Experimental validation is reported in Part II. Herein, 18 ms of simulation sampling was calculated. We show that the
binding process is a combination of hydrophobic interaction, hydrogen bonding and aromatic interaction. The umbrella
sampling technique was used to calculate the binding free energy of EGCG with keratin segments. By extracting EGCG
from the keratin-EGCG complex using steered molecular dynamics, the rupture force was observed to be linearly related
to the binding free energy. Multilayer binding of EGCG clusters to keratin has been shown. The binding free energy of
26.2 kcal mol21 obtained from the simulations was in excellent agreement with the experimental Part II. VC 2013 Ameri-

can Institute of Chemical Engineers AIChE J, 59: 4816–4823, 2013
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Introduction

Binding of small molecules to macromolecules of human
biosubstrates regulates their subcellular disposition. The sub-
ject is fundamental to intestinal absorption of nutrients and
drugs as well as transdermal permeation of cosmetic
actives.1,2 For example, there is an increasing interest in
understanding the binding of plant actives, such as green tea
with a high content of polyphenols, to human skin and intes-
tinal proteins due to many health benefits.3 A number of
studies have been reported on the binding properties of poly-
phenols to milk and salivary proteins, using various experi-

mental techniques.4–7 Studies on the binding properties of
human biosubstsrate proteins are still limited.

Epigallocatechin-3-gallate (EGCG), a natural antioxidant8

and the main active polyphenol compound of green tea has

been shown to have many benefits to human skin. These

properties involve wound healing,9 prevention of skin can-

cer,10 antiaging,8 as well as photoprotection11,12 and immu-

nomodulation.13–16 The transdermal permeation is an

important route17 for delivering those small active molecules

to the lower skin layers. The biological activity of green tea

catechins mainly depends upon their bioavailability.12,18

However, stratum corneum (SC), the outermost skin layer of

the epidermis, constitutes the first barrier for skin permeation

in which keratin constitutes the major component (80% of

its dry mass19). Thus, the strength of the SC keratin-EGCG

interaction regulates its bioavailability to the deeper skin

layers and hence the delivery of vital profits.
Skin keratin is a typical epithelia intermediate filament

(IF) protein with a very high degree of molecular diversity.

Additional Supporting Information may be found in the online version of this
article.
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These heteropolymeric filaments are built by pairing acidic
(type I) and basic (type II) molecules forming a dynamic
network of 10–12 nm in size.20 All keratins possess a tripar-
tite domain structure which is characteristic to IFs. The cen-
tral a-helical domain (rod) is a major determinant of self-
assembly. At the N- and C-termini are nonhelical “head”
and “tail” domains. Monomeric keratin consists of a-helical
segments 1A, 1B, 2A, 2B. Two monomeric units form a par-
allel left-handed coiled-coil dimer in which each a-helical
chain has a characteristic sequence of heptad motif, (abc-
defg), which repeats along the chain.21 The residues “a” and
“d” are known to be occupied by nonpolar amino acids,
building up a hydrophobic strand between a-helices. Resi-
dues “e” and “g” have opposing charges and attract each
other by electrostatic interactions forming a salt bridge. Resi-
dues “b,” “c,” and “f” are hydrophilic. Two assembled
coiled-coils form a tetramer. Further aggregation of tetramers
leads to the formation of protofilaments. Right-handed, rope-
like structures of protofibrils are the final conformations of
IFs. The most abundant pair in the upper epidermis and SC
forming IFs is keratin type 1 and 10, and constitutes the sub-
ject of this study.22

Molecular dynamics (MD) simulations are used here to
study EGCG-keratin interactions. The simulation approach
provides detailed information at the atomic level which can-
not be observed by experiment alone. Self-assembly simula-
tions totalling �6 ms were first used to generate possible
keratin-EGCG bound states at a range of concentrations and
temperatures. In addition, steered constant-velocity molecu-
lar dynamics (SMD) simulations were used to pull EGCG
molecules away from the keratin surface. In SMD, a con-
stant force or velocity is applied to the center of mass
(COM) of a specified group of atoms attached to a “virtual
spring.” In this way, SMD provides information about struc-
tural changes and mechanical properties of proteins or
protein-ligand complexes.23 The rupture force (the breaking
point) can provide information about the strength of the
interaction. During the SMD simulations presented herein,
the force was observed to reach a maximum point when sta-
bilizing hydrogen bonds were broken between keratin and
EGCG. Subsequently, snapshots from the SMD simulations
provided starting points for the umbrella sampling (US)
method.24,25 US is a biased MD approach in which an addi-

tional harmonic potential ensures sufficient sampling along a
defined reaction coordinate over multiple overlapping simu-
lations (windows), enabling calculation of the potential of
mean force (PMF).26 US has previously been applied suc-
cessfully to a wide range of systems, yielding good thermo-
dynamic agreement with experimental data in many
cases.27–30 Herein, we used �12 ms of US in order to calcu-
late the free energy of binding of EGCG to keratin at differ-
ent temperatures.

Previously, Zhao et al.31 showed that EGCG binds to gas-
tric mucin by a combination of hydrophobic interactions and
hydrogen bonding. Multilayer binding of polyphenol was
suggested, and a decrease in binding affinity with increasing
temperature was observed. In Part II, of this study, the ther-
modynamic properties of keratin-EGCG interactions have
been quantitatively determined using ultrafiltration, high-
performance liquid chromatography (HPLC), and isothermal
titration calorimetry (ITC). The multilayer isotherm has been
reported and hence the experimental investigation supports
MD simulations where EGCG clusters to keratin forming a
multilayer assembly. In addition, the binding energies pre-
dicted from MD simulations are in excellent agreement with
the ITC data.

Methodology

Computational details

The structure of EGCG was built using Chimera 1.5.3.32

To create the EGCG topology the CHARMM general force
field (CGenFF)33–36 for organic molecules (program version
0.9.1 beta) was used and translated into GROMACS topol-
ogy format using in-house code. A coiled-coil keratin frag-
ment was modeled based on the Cortexillin I domain
(Protein Data Bank entry: 1D7M). The cortexillin and kera-
tin 1/keratin 10 residues heptad repeats (abcdefg) were pre-
dicted using Matcher (algorithm for matching coiled-coil
proteins).37 Each helical fragment of the cortexillin coiled
coil consists of 101 residues, of which 71 residues corre-
sponding to segment 1B of keratin type 1 and 10 were cho-
sen. Predicted cortexillin repeats were mutated into the
keratin sequences. Alpha helical segment 1A (35 residues)

Figure 1. Segments and the corresponding sequence of keratin 1 and 10 used for MD simulations: (A) Schematic
representation of chosen segments 1A (blue), 1B (purple), and 2A (red); (B) Helical segment 2A of keratin
1; (C) Coiled-coil 1B segment of keratin 1/ keratin 10; (D) Helical segment 1A of keratin 1.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and 2A (19 residues) of keratin 1 were built using Chimera.
The amino acid sequences of all keratin segments were taken
from the Human IF Database.38 Initial structures were mini-
mized via the steepest descent (SD) algorithm. The chosen
segments, constructed models, and corresponding sequences
are presented in Figure 1.

All MD and SMD simulations were performed using the
GROMACS 4.5.439 package with the CHARMM22/CMAP40

force field and the TIP3P41 water model. Classical equations
of motion were integrated with a Verlet leap-frog algorithm
using a 2-fs time step. The LINCS42 algorithm was used to
constrain bond lengths. A 1.4-nm cutoff distance was used
for the short-range neighbor list, updated every five steps (10
fs), and van der Waals interactions were cutoff at 1.4 nm.
The particle mesh Ewald method43,44 was used for the elec-
trostatics with a 1.2-nm real space cutoff. The velocity
rescale thermostat and Parinello–Rahman45 barostat were
used to maintain the temperature and pressure (at 1 bar),
respectively. Protein or protein and ligand were coupled to
one bath, while the remaining water and ions were coupled
to the other. The initial velocities were set to follow a Max-
well distribution. Periodic boundary conditions were used in
all directions. All simulations were run on the two Linux
clusters (Department of Chemical Engineering Computing
Service: imperial.ac.uk/chemicalengineering and Imperial
College High Performance Computing Service: imperial.a-
c.uk/ict/services/teachingandresearchservices/highperforman-
cecomputing, Imperial College London).

Self-assembly simulation setup

Different keratin segments were placed at the center of a
cubic unit cell: Segment 1B (12 3 12 3 12 nm), segment
1A (8 3 8 3 8 nm), and segment 2A (6 3 6 3 6 nm). To
mimic the fact that both the helix and coiled-coil segments
are part of the IF, terminal residues were treated in their
uncharged state.

Initially, one EGCG molecule was placed into the box in a
random position near to the given keratin segment. Each sys-
tem involved one keratin segment (1A, 2A, or 1B) and one
EGCG molecule. The simulation box was filled with water
using the TIP3P water model, to which 150 mM NaCl was
added to neutralize the system charge. Following energy mini-
mization using the SD algorithm, 200 ps of sequential NVT
(constant number of atoms N, constant volume V, constant
temperature T) and NPT (constant number of atoms N, con-
stant pressure P, constant temperature T) equilibration simula-
tions were conducted, with position restraints applied to
protein and ligand heavy atoms. Production simulations were
then performed in the NPT ensemble at 298, 308, and 318 K.

In total, 51 EGCG-keratin MD simulations of 100 ns were
run with one EGCG molecule placed at different initial posi-

tions around given keratin segment. This involved, in each case
for three different temperatures: eight simulations with coiled-
coil segment 1B, five simulations with helical segment 1A, and
four simulations with helical segment 2A. The number of simu-
lations corresponds to the size of the given protein segment and
thus different possibilities to place EGCG randomly.

Following the same procedure in order to assess higher
concentration of EGCG, three additional simulations of 200
ns at 298 K were performed with 20 EGCG molecules
placed a minimum of 6 nm away from the coiled-coil frag-
ment starting from different initial coordinates of EGCG
molecules. Each system and corresponding self assembly
simulation is listed in Table 1.

Biased simulation setup

The final coordinates of the keratin-EGCG complex from
the self-assembly MD simulations were set as the initial con-
figurations for SMD simulations. For each complex, the
COM of an EGCG molecule was increased at a constant rate
(velocity), being pulled up to 4 nm away, in a direction
(reaction coordinate) perpendicular to the protein backbone
axis. As the simulation proceeded the pulling force was
observed to increase, up to the point where the first keratin-
EGCG hydrogen bond was broken. The breaking point of
each hydrogen bond corresponds to a local maximum in the
pulling force.

Steered MD was used to extract the initial coordinates for
US windows (binding free energy calculations). A weighted
histogram analysis method (WHAM)46,47 was then applied to
combine all windows into the PMF curve to estimate the
binding free energy difference along the reaction coordinate
(distance). The statistical error estimate of each PMF curve
was performed using Bayesian bootstrapping.48

Analysis

The average number of hydrogen bonds between protein
and EGCG was counted based on the cutoff distance
between the donor and the acceptor atoms below 3.5 Å
and a hydrogen-donor–acceptor maximum angle of 30�.
The buried area between the protein and ligand was com-
puted by subtracting solvent accessible surface area
(SAS)49 of the protein and EGCG from SAS of keratin-
EGCG complex. Both hydrogen bonds and buried area
were extracted from equilibrium simulations, prior to SMD
simulations and US.

Results and Discussion

Monomeric self-assembly simulations

Simulated tea catechin (EGCG) molecule became attached
to multiple (between 1 and 5) residues at the end of each

Table 1. Details of Self-Assembly Simulations for Keratin-EGCG Interactions.

System No. Segment Number of EGCG molecules Simulation time (ns) Temperature (K) Number of simulations

1. 1A 1 100 298 5
2. 1A 1 100 308 5
3. 1A 1 100 318 5
4. 2A 1 100 298 4
5. 2A 1 100 308 4
6. 2A 1 100 318 4
7. 1B 1 100 298 8
8. 1B 1 100 308 8
9. 1B 1 100 318 8
10. 1B 20 200 298 3
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simulation replica in the system for a single EGCG and one
keratin segment (Table 1–Simulation no. 1–9). An example
of the Keratin-EGCG hydrophobic buried area as well as the
number of hydrogen bonds vs. simulation time is presented
in Supporting Information, Figure S1. Hydrophobic interac-
tions played a major role in the initial stages of protein-
ligand assembly, followed by a slow optimization via forma-
tion of hydrogen bonds. In many cases, stacking interactions
were observed in which the aromatic rings of EGCG became
packed against those of phenylalanine or tyrosine (Figure
2A). Side chains of acidic residues were predominantly
occupied by catechin, supported by the fact that EGCG con-
tains 8 hydrogen donors and 11 hydrogen acceptors (Figures
2B, C). This confirms previous investigations in which
EGCG was shown to interact specifically with charged
amino acids.50 In this study, once an acidic side chain oxy-
gen or nitrogen had created a hydrogen bond with the
EGCG hydroxyl group, it was subsequently persistent for the
remaining simulation time (Figures 2A, B). In Supporting
Information, Table T1, the occupied keratin residues, as well
as the average number of hydrogen bonds formed between
EGCG and acidic residues of the coiled-coil segment 1B,
during 100 ns of simulation at 298 K are presented. The
binding contribution of acidic amino acids varies widely
from �30 to 100% due to the exposed hydrogen bond
acceptors of their side chains, interacting with the multiple
EGCG hydroxyl groups. At 318 K, in 3 out of 17 self-
assembly monomeric EGCG-keratin simulations (each of
100 ns), the EGCG molecule stacked onto the keratin surface
after �2–5 ns, and remained attached for �40–60 ns before
detaching, suggesting weaker interactions at higher tempera-

tures (Supporting Information, Figure S2. Keratin-EGCG
total buried area vs. the simulation time). In contrast, at 298
and 308 K, EGCG always remained bound to the keratin
surface.

Multilayer self-assembly

In the simulation of 20 EGCG molecules and keratin

coiled fragment (Table 1–Simulation no. 10), EGCG mole-

cules tended to bind to keratin as clusters. Snapshots from

this simulation over the 200 ns are presented in Figure 3.

Initially, individual EGCG molecules were placed 6 nm

away from coiled-coil part and away from each other. After

1 ns, EGCG started to aggregate into small clusters (2–3

EGCG), and further clustering was observed by 10 ns (�2–7

molecules) driven primarily by hydrophobic attraction.

Within the next 30 ns, three clusters of 6–7 EGCG were

formed and one adsorbed onto the protein surface. By 100

ns, two large EGCG aggregates were bound to the keratin

surface, with one remaining in the bulk. After 120 ns, a clus-

ter of all 20 molecules were attached to the coiled coil, and

gradually spread over the protein surface. The snapshot at

200 ns (Figure 3) shows an elongated EGCG cluster

adsorbed onto the protein as multilayer. In Supporting Infor-

mation, Figure S3 the number of hydrogen bonds between

EGCG molecules only and keratin-EGCG over the course of

the simulation is presented. It may be observed that EGCG

molecules bind to each other within first 2 ns via hydrogen

bonds forming small clusters by further formation of big

aggregates. The number of hydrogen bonds between EGCG

molecules and the coiled-coil part of keratin shows an

Figure 2. Final configurations of MD simulations: (A) Segment 1A (red) and its two aromatic residues (blue) stacked
via aromatic attraction to two EGCG (green) rings; (B) Segment 1B coiled coil (purple) and EGCG (yellow)
occupying three different residues via hydrogen bonds at 308 K; (C) Segment 1A (blue) and EGCG (yel-
low) occupying three different residues via hydrogen bonds (red dotted lines) at 298 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Conformations throughout the simulation of keratin coiled-coil segment (purple) and 20 EGCG molecules
(yellow) at 298 K.

The formation of clusters is observed by further spreading EGCG molecules over the keratin surface as multilayer. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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increasing number due to the elongation on the keratin sur-

face which is confirmed by covering the EGCG hydrophobic

area (Supporting Information, Figure S4). As nearly 50% of

SC keratin residues are nonpolar, the hydrophobic collapse

followed by hydrogen bonding optimization represented the

primary mechanism for EGCG aggregation and binding to

keratin. We can, therefore, confirm that the formation of

EGCG multilayer is in agreement with previous investiga-

tions of ultrafiltration and HPLC experiments in mucin-

EGCG system.31

Assessment of biased MD simulation protocol

An example of SMD simulation is shown in Figure 4. The
first force maximum was reached at 0.105 ns corresponding
to the breakage of the first hydrogen bond with a value of
77 kcal mol21 nm21. The second maximum of the pulling
force was at 0.171 ns with a value of 75 kcal mol21 nm21.
For such SMD trajectories, the breaking point of the com-
plex is defined as the highest value of the reached force.

As the initial coordinates for US windows were obtained
from SMD simulations, the effect of pulling rate and virtual
spring constant in SMD on the binding free energy was
assessed. EGCG was pulled away from segment 1A at 298
K for 0.4 ns at 10 nm ns21 and for 4 ns at 1 nm ns21 using
harmonic spring constants of 120 kcal mol21 nm22 and 360
kcal mol21 nm22, respectively. By using the spacing of
approximately 0.2 nm along the reaction coordinate (dis-
tance) for both SMD simulations, the initial configurations
for US windows were extracted. Subsequently, 20 US win-
dow simulations of 50 ns each were calculated using a har-
monic biased potential for both cases, with a spring constant
of 120 kcal mol21 nm22. The WHAM method was then
applied to obtain the final PMF curve neglecting the first 3
ns of each window for the system equilibration. With both
different pulling rates and spring constants nearly the same
values (0.15 kcal mol21 difference) of binding free energy
difference were achieved. The corresponding plots of force
vs. time and PMF profiles can be found in the Supporting
Information, Figure S5–S7.

Hence, the fast pulling rate of 10 nm ns21 was used in all
subsequent keratin-EGCG SMD simulation systems, with a
spring constant of 120 kcal mol21 nm22. The corresponding
methodology for calculating the binding free energy differ-
ence (0.2 nm spaced 50 ns simulations with harmonic spring
constant of 120 kcal mol21 nm22) was applied. An example

of the convergence of the PMF is presented in Supporting
Information, Figure S8 along with US histograms showing
excellent overlap (Supporting Information, Figure S9).

To confirm the reproducibility of fast pulling for each sys-
tem, SMD was performed three times with the same pulling
conditions. An example of SMD simulation (force vs. time)
for removing EGCG from the keratin coiled-coil fragment at
308 K from the same initial coordinates is presented in the
Supporting Information, Figure S10. Nearly identical trajec-
tories were produced with approximately the same rupture
force (maximum pulling force).

Steered MD and US

The free energy calculations were performed based on the
results from monomeric (one EGCG molecule and given ker-
atin segment) self-assembly simulations. From all 17 self-

assembly simulations at 298 and 308 K, we extracted the

final coordinates of the EGCG-keratin complex and ran 17

SMD simulations at given temperature to pull the EGCG

away from the keratin surface. As at 318 K in three cases

EGCG spontaneously detached, we followed the same proce-

dure with 14 self-assembly results. For a given temperature,

we compared all maximum pulling forces (breaking points)

and chose the ones with the highest, lowest and median val-

ues of the maximum force. Those SMD trajectories were

used to extract the initial coordinates for free energy calcula-

tions. We used five SMD trajectories for 298 K, three for

308 K, and three for 318 K. In Figure 5, results from SMD

simulations and US are presented. The force vs. time profiles

and corresponding PMF curves (the same colours) can be

observed for a given temperature. The energy minima of

PMF curves correspond to the initial coordinates at which

EGCG was adsorbed to the keratin surface. As the distance

between those two groups increased the PMF increased,

eventually reaching a plateau between 1–2 nm in all cases.
The correlation between the average number of hydrogen

bonds and buried EGCG/keratin surface area vs. binding free
energy is presented in Figure 6. The free energy (DG) value
of 25.3 kcal mol21 was obtained from one simulation at
298 K where EGCG stacking interactions (Figure 2A) with
tyrosine/phenylalanine residues were dominant providing
only 0.87 of the average number of hydrogen bonds. This
data point on the plot (Figure 6A) was, therefore, omitted as

Figure 4. An example of SMD simulation in EGCG-keratin complex: (A) Pulling force vs. time–two breaking maxima
correspond to hydrogen bond breakage at 0.105 and 0.171 ns; (B) Snapshots from SMD simulation corre-
sponding to the first and second maximum pulling force, respectively.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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hydrogen bonding was not the main interaction. The free
energy “distance” of this point from the linear correlation
suggests that the aromatic attraction would account for
approximately 2–3 kcal mol21 of the binding free energy for
this system. Therefore, aromatic interactions play a signifi-

cant role in initial stabilization/assembly due to the approxi-
mately 10% content of aromatic residues in SC keratin type
1 and 10. Thus, there is a strong linear correlation of the
average number of hydrogen bonds between EGCG with
nonaromatic keratin residues.

Figure 5. Force vs. time profiles of pulling EGCG away from different keratin segments (1B-black and green; 1A-
red and orange, 2A-blue) and corresponding PMF curves at: (A) 298 K; (B) 308 K; (C) 318 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. (A) The average number of hydrogen bonds between EGCG and keratin vs. the binding free energy differ-
ence (at 298 K: R2 5 0.97, at 308 K: R2 5 0.98, at 318 K: R2 5 0.96)–the point corresponding to DG 5 25.3
kcal mol21 and 0.87 of the average number of hydrogen bonds due to the aromatic attraction governed
process was omitted; (B) EGCG/keratin buried surface area (determined from the NPT equilibration prior
pulling simulations) with respect to the binding free energy difference (R2 5 0.94).
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Figure 6 also shows that the higher the value of the buried
surface area between EGCG and keratin, the greater the mag-
nitude of DG, at all three temperatures. In all cases, EGCG
expelled water molecules from the keratin surface and became
directly bound to the keratin during adsorption, suggesting the
potential for a favorable entropic contribution to the binding
process. An example of decreasing number of hydrogen bonds
between EGCG and water over the binding process to keratin
is presented in Supporting Information, Figure S11.

As described above, from each SMD simulation, the maxi-
mum pulling force may be obtained. A linear correlation of
the rupture force (obtained in all cases at the same pulling
rate) vs. the free energy DG of binding is observed in Figure
7. With a single pulling SMD simulation for 0.4 ns, it is pos-
sible to estimate the binding affinity in this system instead of
time consuming US calculations (1 ms). The implication is
that based on the strong linear correlation it may be possible
to estimate the free energy for other small molecules binding
the most common a-helical motif via hydrogen bonds and/or
hydrophobic collapse using single SMD simulation.

The binding free energy at a given temperature was esti-
mated on the basis of the maximum and minimum observed
DG values, corresponding to DG298 5 26.2 kcal mol21,
DG308 5 25.4 kcal mol21, and DG318 5 24.9 kcal mol21,
respectively. The binding affinity decreases as temperature
increases due to the increase in the kinetic energy (mobility)
of molecules, hence leading to weaker interactions.

Conclusions

EGCG, the main active green tea polyphenol is used as an
additive in skin care applications because of its antioxidant,
photoprotective, immunomodulatory, and antiaging proper-
ties. The biological activity of EGCG mainly depends upon
its bioavailability. SC constitutes the first barrier for trans-
dermal permeation of active molecules. Due to the high con-
tent of keratin in SC (80% of its dry mass) the strength of
the keratin-EGCG interaction regulates its bioavailability in
the deeper skin layers. An understanding of those molecular
interactions of the most active green tea polyphenol (EGCG)
with skin protein requires characterization of the thermody-
namic properties of the system as well as atomic-scale struc-
ture and dynamics.

For the first time, it has been shown that EGCG binds to the
helical and coiled-coil part of type I and II human keratin IF
expressed in the SC. MD simulations of various keratin-
EGCG interaction systems have been performed for a total of
18 ms starting from different initial configurations at three dif-
ferent temperatures. Computer simulations revealed that
hydrophobic assembly and in many cases aromatic interac-
tions followed by hydrogen bonding are the key mechanisms
governing the binding of EGCG to keratin. The significance of
the interactions with acidic amino acid side chains with EGCG
has been also shown. The previously suggested31 multilayer
binding of EGCG to mucin via both hydrogen bonds and
hydrophobic collapse is confirmed to be responsible for bind-
ing in the EGCG-keratin system at higher concentrations. In
those simulations, EGCG molecules formed clusters which
bind to keratin and spread over its surface. The increase in
temperature results in a decrease in the EGCG binding affinity
toward keratin and the average number of hydrogen bonds
between them. At constant temperature the breaking point
(rupture force) from short SMD simulations and the binding
free energy difference from time consuming US simulations
were shown to be linearly correlated. This indicates that it
should be possible to make good estimates of the binding free
energy for other small molecules to the keratin surface from
SMD simulations alone.

In Part II, the experimental results are presented. The multi-
layer isotherm based on ultrafiltration and HPLC has been
reported, supporting the above MD simulations results. In addi-
tion, the binding free energy obtained from the MD simulation
(DG 5 26.20 kcal mol21) is in excellent agreement with the
ITC experimental data (DG 5 26.37 kcal mol21).
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