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Catechin flavonoids are the main components of green tea extracts which present broad potential physiological
activities. Several of their biological activities seem to affect membrane-dependent cellular processes and it is
known that some catechins interact with phospholipid membranes. In this study we examine the interactions
of a 3-O-(3,4,5-trimethoxybenzoyl)-(−)-catechin (TMCG), and its quinone methide (QM) activated product
with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) membranes by means of differential scanning
calorimetry, X-ray diffraction, Fourier-Transform infrared spectroscopy and molecular dynamics simulation.
We report that there are extensive interactions between TMCG and DPPC involving the perturbation of the
thermotropic gel to liquid crystalline phase transition of the phospholipid, the decrease of bilayer thickness
and the promotion of interdigitated gel phase, together with an increase of the hydrogen bonding pattern of
the interfacial region of the bilayer. In contrast, QM shows a weak interaction with the phospholipid bilayer.
Molecular dynamics simulation indicates that TMCG locates in the interior of the bilayer, while QM is found
interacting with the surface of the membrane. The observations are interpreted in terms of the mechanism of
membrane prodrug activation and the underlying membrane perturbations of the biological actions of natural
catechins.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Catechin flavonoids are the main components of green tea extracts
and a vast body of scientific evidence suggests that they are responsible
for the majority of the potential health benefits attributed to green tea
consumption. Catechins have received much attention due to their
broad potential physiological activities. Some catechins have been
found to have antibacterial, antifungal and/or antiviral activities [1–7]
and several studies have demonstrated that catechins have antioxidant
activity which may prevent oxidative damage in many organs [8–10].

However, an intense field of research has been focused on the
anticancer properties of these polyphenol compounds [11–13]. In this
regard, we early found that the ester-bonded gallate catechins, isolated
from green tea, were potent inhibitors of dihydrofolate reductase
(DHFR) at concentrations found in the serum and tissues of green tea
drinkers [14,15]. Despite the excellent anticancer properties of tea cate-
chins, they have one significant limitation: their poor bioavailability,
which is related to their low stability in neutral or slightly alkaline
solutions and their inability to cross cellular membranes easily [16]. In
an attempt to solve such bioavailability problems, we synthesized a
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3,4,5-trimethoybenzoyl analogue of epicatechin-3-gallate, TMECG,
which showed high antiproliferative activity against malignant mela-
noma [17]. We observed that this compound effectively suppressed
the proliferation of melanoma cells by inducing apoptosis [18] and
that this drug can be used in combination with methotrexate as an
effective and tissue-restricted antimelanoma therapy [19].

Because the major polyphenols present in tea have epicatechin
configurations, many of the studies designed to elucidate the biological
activities of these tea catechins have been performed with epicatechin
derivatives, but catechin gallate also inhibits the proliferation of cancer
cells derived from human oral cavity tissues [20]. As part of our on-
going efforts to develop new tea-derived compounds, we synthesized
a trimethoxybenzoyl analogue of catechin gallate (TMCG) [21]. A
comparative study of the activity of both epimers in melanoma con-
cluded that both were prodrugs that could be selectively activated by
the specific melanocyte enzyme tyrosinase [21,22]. Upon activation,
both TMECG and TMCG generated a stable quinone methide (QM)
product that strongly inhibited DHFR in an irreversible manner [23].
We observed that oxidation of TMCG and TMECG by tyrosinase gene-
rated the same final product because proton-catalyzed hydrolysis of
ring C would generate a freely rotating carbon (C-3), which should
prevent epimeric differences in the QM active product (Fig. 1).

It iswell established that the biological activity of green tea catechins
affects membrane dependent cellular processes, such as cell signaling,
cell cycle, arachidonic acidmetabolism andmitochondrial functionality,
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Fig. 1. Structure of 3-O-(3,4,5-trimethoxybenzoyl)-(−)-catechin (TMCG) (A) and its quinone methide activated product (QM) (B).
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and it has been shown that they modulate numerous membrane pro-
teins like proton ATPase [24], ion channels [25–27] and growth factor
receptors [28]. Therefore, the interaction between catechins and mem-
branes is currently an intense field of investigation.

It has been shown that catechins caused aggregation and leakage of
contents from lipid vesicles [29–32] and that these compounds interact
with the lipid bilayer [32–34]. In addition, it has been suggested that
catechins may exert their effects on membrane function by a common
bilayer mediated mechanism [27] and some authors have indicated
that their interaction with the membrane correlates with their antioxi-
dant and antibacterial effects [32,33]. Although human tyrosinase is an
integral membrane protein and the amphiphilic nature of TMCG points
to the membrane as its hypothetical site of action, nothing is known
about the interaction between this antitumoral drug and membranes.
In order to get insight into the mechanism of activation and transport
of this drug and to explore other possible biological actions, it is impor-
tant to know the influence of this drug on the lipid component of mem-
branes. We have obtained this synthetic catechin derivative (TMCG)
and its activated product (QM). We have used several techniques like
differential scanning calorimetry (DSC), small andwide angle X-ray dif-
fraction (SAXD and WAXD), Fourier-Transform infrared spectroscopy
(FTIR) and molecular dynamics simulation (MD) to study the effect of
these drugs on the thermotropic and structural properties of phosphati-
dylcholine, the most important phospholipid in eukaryotic membranes.

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained
from Avanti Polar Lipids Inc. (Birmingham, AL). Phospholipid concen-
trations were determined by phosphorous analysis [35]. (−)-Catechin,
3,4,5-trimethoxybenzoyl chloride and mushroom tyrosinase were
from Sigma Chemical Co. (Madrid, Spain). Purifiedwater was deionized
in a Milli-Q equipment from Millipore (Bedford, MA), and filtered
through 0.24 μm filters prior to use. All other reagents were of the
highest purity available. The synthesis of TMCG was carried out from
the commercially available catechin, following a procedure previously
described by our research group [21]. Mushroom tyrosinase was used
to oxidize TMCG to its corresponding QM product [23].

2.2. Differential scanning calorimetry

The lipid mixtures for differential scanning calorimetry (DSC) mea-
surements were prepared by combination of chloroform solutions con-
taining DPPC and the appropriate amount of TMCG as indicated. The
organic solvents were evaporated under a stream of dry N2, free of O2,
and the last traces of solvents were removed by further 3 h evaporation
under high vacuum. To the dry samples, 2 ml of a buffer containing
150 mM NaCl, 0.1 mM EDTA, 10 mM Hepes pH 7.4 was added, and
vesicles were formed by vortexing the mixture, always keeping the
temperature above the gel to liquid-crystalline phase transition temper-
ature of the phospholipid. In the case of QM containing samples, appro-
priate amounts of QMwere added to the buffer before vesicle formation.
Experiments were performed using a MicroCal MC2 calorimeter
(MicroCal, Northampton, USA). The final phospholipid concentration
was 1 mg ml−1. The heating scan rate was 60°Ch−1. The construction
of partial phase diagrams was based on the heating thermograms for a
givenmixture of phospholipid and drug at various drug concentrations.
The onset and completion temperatures for each transition peak were
plotted as a function of themolar fraction of drug. These onset and com-
pletion temperatures points formed the basis for defining the boundary
lines of the partial temperature-composition phase diagram.

2.3. X-Ray diffraction

Simultaneous small (SAXD) and wide (WAXD) angle X-ray diffrac-
tion measurements were carried out as described previously [36]
using a modified Kratky compact camera (MBraum-Graz-Optical Sys-
tems, Graz Austria) which employs two coupled linear position sensi-
tive detectors (PSD, MBraum, Garching, Germany). Nickel-filtered Cu
KαX-rays were generated by a Philips PW3830 X-ray Generator operat-
ing at 50 kV and 30 mA. Samples for X-ray diffraction were prepared by
mixing 10mg of phospholipids and the appropriate amount of TMCG in
chloroform.Multilamellar vesicles were formed as described above, and
when appropriate QMwas added to the buffer before vesicle formation.
After centrifugation at 13,000 rpm, the vesicles were placed in a steel
holder, which provided good thermal contact to the Peltier heating
unit, with cellophane windows. Typical exposure times were 10 min,
allowing 10 min prior to the measurement for temperature equilibra-
tion. Background corrected SAXDdatawere analyzed using the program
GAP (global analysis program) written by Georg Pabst and obtained
from the author [37,38]. This program allowed to retrieve the mem-
brane thickness, dB = 2(zH + 2σH) from a full q-range analysis of the
SAXD patterns [39]. The parameters zH and σH are the position and
width, respectively, of the Gaussian used to describe the electron-
dense headgroup regions within the electron density model.

2.4. Infrared spectroscopy

For the infrared measurements, multilamellar vesicles were pre-
pared in the same buffer prepared in D2O as described above. Samples



Fig. 2. DSC heating thermograms for DPPC containing TMCG (A) or QM (B) at different
concentrations. Molar fraction of catechin derivatives from top to bottom: 0, 0.02, 0.05,
0.07, 0.10, 0.15, 0.20 and 0.30.
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were placed in between two CaF2 windows (25 × 2 mm) separated by
25 μm Teflon spacers and transferred to a Symta cell mount. Infrared
spectra were acquired in a Nicolet 6700 FTIR spectrometer (Madison,
WI). Each spectrum was obtained by collecting 256 interferograms
with a nominal resolution of 2 cm−1. The equipment was continuously
purged with dry air in order to minimize the contribution peaks of at-
mospheric water vapor. The sample holder was thermostatized using
a Peltier device (Proteus system from Nicolet). Spectra were collected
at 2 °C intervals, allowing 5 min equilibration between temperatures.
The D2O buffer spectra taken at the same temperatureswere subtracted
interactively using either Omnic or Grams (Galactic Industries, Salem,
NH) software.

2.5. Molecular dynamics simulations

TMCG and QM molecules were constructed using PyMOL software
[40]. To build the topologies of these structures, they were submitted
to the PRODRG server [41], and the initial geometries of crude topolo-
gies were retrieved. Based on such information, these structures were
described in GROMOS96 43a1 force field parameters [42]. Afterwards,
both topologies were further modified to include some refinements. In
order to calculate atomic charges both structures were submitted to
full-geometry optimization using ab initio quantum-mechanical com-
putations using Firefly QC package [43], which is partially based on
the GAMESS (US) [44] source code, with a 6-31G basis set and restricted
Harteree–Fock method. Hessian matrix analyses were employed to un-
equivocally characterize the optimized structures as trueminima on the
potential energy surface. These minimal energy conformations were
submitted to single-point ab initio calculations to determine Löwdin
atomic charges, and finally, these calculated atomic charges were used
to construct their corresponding topology files. Bad charge grouping in
the topology files may lead to incorrect results. Thus, for instance,
small charge-groups may not be correctly chosen if the spatial extent
is relatively large [45]. Therefore, to ensure that the spatial extent of
our charge-groups was small, TMCG and QM molecules were parame-
terized by creating charge-groups containing nomore than four contig-
uous atoms. DPPC topology file was obtained from Chiu et al. [46]. The
systems studied comprised catechin derivatives, initially located in the
water phase of a DPPC membrane. A monolayer was constructed with
36 DPPC molecules organized in a 6 rows and 6 columns arrangement
to build up the DPPC bilayer. Then four TMCG or QM molecules were
randomly located over the lipidmonolayer and then transposing anoth-
er layer to form the bilayer structure with the catechin molecules out of
the lipid membrane, yielding a 9:1 DPPC/catechin ratio. A total of 3750
water molecules (52 waters/lipid) were added to the lipid bilayer con-
taining the catechin derivatives to create a fully hydrated system, with
the drugs located in the water phase. In the case of QM sodium ions
were also added as counterions in the water phase, to assure electrical
neutrality of the system. For water the generic single point charge
(SPC) water configuration [47] was used. The lipid bilayer was aligned
such that it lied in the XY plane, i.e., themonolayers normalwas parallel
to the Z-axis. Molecular dynamics calculations were carried out with
GROMACSv4.5molecular simulationpackage [48] under constant num-
ber of particles, pressure and temperature. Gromacs 43A1-S3 force field,
which is an improved force field for lipids based on GROMOS96 43a1,
was used [46]. All simulations were performed in the NPT ensemble.
Pressure control was carried out using the weak-coupling Berendsen
scheme with coupling time of 1.0 ps and semi-isotropic pressure cou-
pling (isotropic in the x and y direction, but different in the z direction).
Periodic boundary conditions were applied in all directions. Tempera-
ture control was carried out with a V-rescale thermostat with coupling
time of 0.1 ps [49]. All bonds were constraint using the SETTLE algo-
rithm [50] for water and the LINCS algorithm for all other bonds [51].
A leap-frog integration scheme with a time-step of 2 fs was used. The
ParticleMesh Ewaldmethodwas used to correct for long-range electro-
static interactions [52], and short-range electrostatic and van derWaals
interactions were cut off at 1.2 nm [53,54]. Molecular dynamic simula-
tions were carried out for mixtures of DPPC + TMCG and DPPC + QM
bilayers at a constant pressure of 1 bar and 323 K, above the main
phase transition temperature of DPPC. In all cases molecular dynamics
simulations were preceded by energy minimization using the steepest
descent algorithm [55] to remove any steric clashes or inappropriate ge-
ometries. At least 300 ns molecular dynamic simulations were carried
out to allow relaxation and equilibration of the systems, followed by a
second 100 ns run. Finally, the last 50 ns were collected for all calcula-
tions. Viewers VMD 1.8.2 [56] and PyMOL 1.5.0.1 [40] were employed
to roughly inspect the arrangement of the catechin derivatives mole-
cules in the lipid matrix and water phase and to capture images
throughout the corresponding trajectories.

3. Results and discussion

3.1. Differential scanning calorimetry

The molecular interaction of TMCG and QM with membranes has
been investigated using lipid vesicles formed by DPPC. DSC was used
to characterize the influence of these drugs on the thermotropic proper-
ties of DPPC, and their effect on themacroscopic organization and struc-
tural properties of the phospholipid was studied by means of X-ray
diffraction and infrared spectroscopy.

The influence of TMCG on the thermotropic gel to liquid crystalline
phase transition of DPPC is depicted in Fig. 2A. In the absence of the
drug, pure DPPC (top thermogram) exhibits two endotherms upon
heating: a lower temperature lower enthalpy pretransition at 35 °C
which separate the Lβ′ gel phase from the Pβ′ rippled gel phase, and a
higher temperature higher enthalpy main transition at 41 °C from the
rippled gel phase to the Lα liquid crystalline phase respectively, in agree-
ment with previous results [57,58]. The thermotropic pretransition of
DPPC is greatly affected by the presence of a very low concentration of
TMCG, being already abolished at a TMCGmol fraction of 0.02. Increasing
concentrations of TMCG progressively broaden the main transition and
cause a shift to lower temperatures. The presence of TMCG at concentra-
tion higher than 0.10 molar fraction produces the appearance of several
broad endotherms, the lower temperature peak with a midpoint transi-
tion temperature of 27.7 °C increases in size as more TMCG is present in
the membrane so that in the presence of the highest concentration
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(0.30 molar fraction) this peak which shows high cooperativity is the
predominant one. These effects could be explained by the establishment
of a molecular interaction between the phospholipid acyl chains and the
TMCGmolecule. This interaction would be the consequence of the inter-
calation of the TMCG molecule between the phospholipids. The align-
ment of part of TMCG with the phospholipids acyl chains can disrupt
the phospholipid packing, reduce the cooperativity of the transition
and shift the phase transition temperature to lower values. However,
all phospholipid molecules undergo the transition as the total enthalpy
change of the transition (i.e. the area under the peaks) did not signifi-
cantly change (data not shown). The appearance of several melting
component in the thermograms when the concentration of TMCG is in-
creased can be explained by the formation of TMCG enriched domains,
but the apparition of the predominantly cooperative peakwithmidpoint
transition temperature at 27.7 °C suggests the formation of a stable com-
plex or a different phase as will be discussed below. The effect of QM on
theDPPC thermotropic transition (Fig. 2B) is completely different to that
described above for TMCG. A broad pretransition is still observed even at
aQMmolar fraction of 0.15. This lack of effect on the pretransition,which
is very sensitive to the presence of foreignmolecules into the bilayer, and
the fact that themain onset transition temperature does not change even
at the highest concentration used suggests that QMdoes not incorporate
very efficiently into the phospholipid palisade. The enthalpy change of
the transition did not change significantly (data not shown). However,
the shift of the end of the main transition to higher temperatures sug-
gests that the gel phase ismore stable asmoreQM is present in themem-
brane pointing out to a surface interaction between the QM and DPPC.

3.2. X-Ray diffraction

Information on the structural characteristics of DPPC/TMCG systems
was obtained by SAXD. Phospholipids,whenorganized intomultilamellar
structures, should give rise to reflections with relative distances of
1:1/2:1/3… [59]. Fig. 3 shows the small angle X-ray diffraction pattern
profiles corresponding to pure DPPC and DPPC containing TMCG at
different temperatures. Pure DPPC produces several reflections with
relative distances of 1:1/2:1/3, which is consistent with their expected
multilamellar organization. This technique not only defines the macro-
scopic structure itself, but also provides the interlamellar repeat
distance in the lamellar phase. The largest first order reflection compo-
nent corresponds to the interlamellar repeat distance (d-value), which
is comprised of the bilayer thickness and the thickness of the water
Fig. 3. Small angle X-ray diffraction (SAXD) profiles of DPPC system containing different co
containing 0.07 mol fraction TMCG, DPPC containing 0.15 mol fraction TMCG and DPPC contai
layer between bilayers. DPPC gives rise to a first order reflection with
a d-value of 62.5 Å in the Lβ′ gel state (20 °C), 72.5 Å in the Pβ′
rippled phase (38 °C) and 64.1 Å in the Lα liquid crystalline state
(45 °C) (Fig. 3), in agreement with previous data [60,61]. Samples
containing TMCG give rise to two or three reflections which related as
1:1/2:1/3 in the whole range of temperatures under study, confirming
that the presence of TMCG does not alter the lamellar structural organi-
zation of the phospholipids. However, TMCG did affect the interlamellar
repeat distance depending on concentration. At 20 °C, the system con-
taining TMCG at 0.07 molar fraction shows a d-value of 72 Å which is
similar to that found in the pure phospholipid in the rippled phase. At
20 °C and 38 °C, the system containing TMCG at 0.15 molar fraction
shows d-values of 69.3 Å and 68.1 Å which are intermediate between
those of the rippled phase and the liquid crystalline phase. The effect
of TMCG at 0.30 molar fraction is drastic because a very short d-value
of 45.7 Å is found at 20 °C. This repeating distance is characteristic of
the interdigitated gel phase in which the hydrocarbon chains of the
two lipid layers are fused, making it possible to form tighter packing.
At higher temperatures a value of 60.1 Å is found for this system.
An apparent membrane thinning effect of some catechins has been
described before [31,32].

We carried out experiments in the wide angle region (WAXD)
reporting on the chain lattice in order to obtain information about the
packing of the DPPC acyl chains in the presence of TMCG. Fig. 4 shows
the WAXD pattern corresponding to pure DPPC and DMPC containing
TMCG at different temperatures. As shown in Fig. 4, pure DPPC at
20 °C, i.e. below the pretransition, gives a sharp reflection centered at
4.19 Å and a broad one at 4.10 Å. This type of pattern is typical of an
Lβ′ phase and corresponds to a quasihexagonal lattice in which the
acyl chains are tilted with respect to the bilayer normal forming one
group of four closely spaced chains with two chains at a slightly larger
separation [62]. At 38 °C, i.e. above the pretransition, a single reflection
appears around 4.15 Å. which is attributed to a lipid phase with hydro-
carbon chains being oriented normal to the bilayer plane in a two-
dimensional hexagonal lattice as described for the Pβ′ phase [63] in
accordance with the data described above with SAXD. This reflection
is, however, considerably broader than the corresponding peak of
conventional Lβ phases formed in other phospholipid system like phos-
phatidylethanolamine [64] reflecting the tilt of the chains in the Pβ′
phase. At 45 °C, the pattern for the Lα phase, as would be expected,
consists of a single broad diffuse reflection. At 20 °C in the presence of
TMCG at 0.07 and 0.15 molar fraction the system shows the
ncentration of TMCG at different temperatures. From top to bottom: pure DPPC, DMPG
ning 0.30 mol fraction TMCG.

image of Fig.�3


Fig. 4. Wide angle X-ray diffraction (WAXD) profiles of DPPC system containing different concentration of TMCG at different temperatures. From top to bottom: pure DPPC, DMPG
containing 0.07 mol fraction TMCG, DPPC containing 0.15 mol fraction TMCG and DPPC containing 0.30 mol fraction TMCG.

Fig. 5. One-dimensional electron density profiles calculated from SAXD profiles of pure
DPPC (solid line) and DPPC containing TMCG at 0.30 molar fraction (dashed line) at
different temperatures, using the GAP program.
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characteristic pattern of the rippled phase, indicating that the
disappearing of the pretransition observed by DSC is due to a lowering
of the pretransition temperature and broadening of the peak. At 38 °C
the system containing 0.07 molar fraction of TMCG is still in the rippled
phase, however in the presence of 0.15 molar fraction of TMCG this re-
flection is very broad suggesting that part of the lipid has already under-
gone the transition to the Lα phase, which is consistent with the
decrease of the phase transition temperature found in the DSC experi-
ments. At 45 °C, the presence of TMCG at 0.07 and 0.15 molar fraction
does not affect the packing of the DMPC acyl chains in the liquid-
crystalline phase. In the presence of 0.3 molar fraction of TMCG, the
wide angle scattering peaks recorded at 20 °C all reside at a spacing of
4.1 Å and the symmetric feature and sharpness of the intensity profile
indicates that the lipids are in the nontilted gel interdigitated phase in
accordancewith the SAXD data, at higher temperatures the characteris-
tic single broad diffuse reflection of the liquid crystalline phase is found.

Background-subtracted SAXD patterns for DPPC and DPPC/TMCG at
0.30 molar fraction were analyzed using the global analysis program
(GAP) to confirm the formation of an interdigitated phase in the pres-
ence of high concentration of TMCG. Fig. 5 shows the corresponding
one-dimensional electron density profiles along the bilayer normal cal-
culated from the SAXD diffraction patterns. The profile for pure DPPC
contains a central region of relatively low electron density values corre-
sponding to the hydrocarbon chains of the phospholipid molecules; a
region of relatively high electron density corresponding to the head-
groups,which symmetrically border the hydrocarbon region; and an in-
terstitial solvent-rich layer with electron density values intermediate
between those of the first two regions. The bilayer is centered at the or-
igin, so that the low electron density trough at 0 Å corresponds to the
terminal methyl groups in the bilayer center. For pure DPPC below the
main transition temperature (Fig. 5) we found a bilayer thickness of
52.3 Å and awater layer distance of 9.4 Å. The presence of TMCG altered
three structural features. First, the bilayer thickness distance decreased
to 41.3 Å, indicating that the bilayers became thinner in the presence of
this concentration of TMCG. Second, the terminal methyl trough disap-
peared as the electron density in the bilayer center became more uni-
form. Third, the width of the water layer between opposing bilayers
also decreased to 3.9 Å. The shape of this profile is similar to that previ-
ously observed for interdigitated phase bilayers [65–67] confirming the
presence of this phase in this system. Above the phase transition tem-
perature both systems organize in a liquid crystalline phase, although
in the presence of TMCG the bilayer thickness is still a bit thinner
(42.7 Å comparedwith 46.6 Å for the pure phospholipid). The existence
of interdigitated membranes in the presence of TMCG, though present
at high TMCG concentration in the gel ordered state might be relevant
for some action mediated by catechins as it has been speculated that
catechins may accumulate in tissues over time to produce cellular con-
centrations that are much higher than those observed in clinical serum
samples [68] and it has been proposed that catechins interact with
ordered lipid raft domains in membranes [69]. In addition it is impor-
tant to note that themodulation of bilayer thicknessmay regulatemem-
brane protein function [70].

Fig. 6 shows the small and wide X ray diffraction pattern for DPPC
containing 0.25 molar fraction of QM. At 20 °C the mixture shows a d-
value of 61.5 Å (Fig. 6A), very close to that found for the pure phospholip-
id, and the peak and shoulder in theWAXDpattern (Fig. 6B) indicate that
the system is in the Lβ′ phase. At 38 °C the first order SAXD reflection
give a d-value of 66.9 Å, which is larger than that of the regular
nonrippled gel phase, the asymmetric WAXD reflection suggests that a
nonrippled phase is present at this temperature. At 50 °C the SAXD and
WAXD pattern indicate that the system is in the liquid crystalline
phase, however, the d-value of 67.5 Å obtained at this temperature is
larger than that of the pure phospholipid (64.1 Å). Background-
subtraction of the SAXD pattern and analysis using the global analysis
program (GAP) indicates that this increase in d-value is due to an
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Fig. 6. Small angle X-ray diffraction (SAXD) (A) andwide angle X-ray diffraction (WAXD)
(B) profiles of DPPC system containing 0.25 molar fraction QM, at different temperatures.
From top to bottom: 20 °C, 38 °C, 45 °C and 50 °C.
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effective increase in the width of the water layer between bilayers (data
not shown).

Partial phase diagrams for the DPPC component in mixtures of the
phospholipid and catechin derivatives were constructed using the DSC
data and the information of phospholipid structural organization obtain-
ed from SAXD/WAXD. The onset and the completion temperatures of the
heating thermograms shown in Fig. 2 gave the points to obtain the solid
and fluid lines of the phase diagrams, respectively. In the case of the
DPPC/TMCG system (Fig. 7 left) both the solid (up to a 0.15molar fraction
of TMCG) and thefluid (in thewhole range of concentration) lines display
anear ideal behavior, the temperature decreasing as the TMCGconcentra-
tion increases. The system evolves from a lamellar gel phase (G phase) to
a lamellar liquid-crystalline phase (F phase) through a coexistence region
(G+ F) which is wider as more TMCG is present in the system. However
at molar fractions higher than 0.15, the solid line behaves differently re-
maining nearly horizontal, indicating the existence of a gel phase immis-
cibility and evidencing the formation of the interdigitaded gel phase,
immiscible in the gel phase. The system evolves from an interdigitated
gel phase (I phase) to a liquid crystalline phase (F phase) through a com-
plex coexistence region (I + G+ F). In the presence of QM (Fig. 7 right),
the solid line keeps horizontal in the whole range of QM, indicating the
presence of an immiscibility in the gel phase between pure DPPC and a
population of phospholipids which interact with the QM. The fluidus
line shows amoderate increase in temperature reflecting the stabilization
Fig. 7. Partial phase diagrams for DPPC inDPPC/TMCG (left) and DPPC/QM(right)mixtures. Ope
gel to liquid crystalline phase transition. The phase designations are as follows: G, gel phase; F
of the gel phase produced in the population of phospholipids interacting
with QM. The system evolves from an immiscible gel phase in which dif-
ferent gel phases coexist (G′ phase) to a liquid crystalline phase (F phase)
through a coexistence region (G′+ F).

3.3. Infrared spectroscopy

We used infrared spectroscopy to study the interfacial interaction
between catechin derivatives and the membrane. The C_O stretching
region of the phospholipid infrared spectra includes information about
lipid interfacial hydration-hydrogen bonding interaction, and thus
gives details of the intermolecular interaction that occurs in this do-
main. The C_O stretching band of diacylphosphatidylcholines is a fairly
broad band around 1750–1700 cm−1, and seems to be a summation of
subcomponents centered near 1741 and 1727 cm−1 [71]. The relative
intensities of these component bands reflect the contribution of sub-
populations of dehydrated and hydrated carbonyl groups [72]. Fig. 8
shows the temperature dependence of the frequency at the absorbance
maximum of the C_O stretching band of the infrared spectra of pure
DPPC and mixtures with TMCG and QM. Pure DPPC shows absorption
maxima at 1733 cm−1 and 1730 cm−1 in the gel and liquid-crystalline
state respectively, according to previous data [58], the gel to liquid-
crystalline phase transition producing a shift of the maximum frequen-
cy to lower values, reflecting the increase in intensity of the underlying
component band at 1727 cm−1, attributed to a higher amount of hydro-
gen bonded carbonyl groups resulting from a phase state-induced
increase in the hydration of the polar–apolar interface [71]. The broad-
ening and shift of the phase transition to lower temperatures produced
by the presence of TMCG can be also observed following the maximum
of the C_Obanddepicted in Fig. 8. It is interesting to note than the pres-
ence of TMCG produces a shift of the maximum of the C_O band to
lower frequencies as compared to pure phospholipid, both in the gel
and liquid-crystalline phase. This decrease in frequency indicates an in-
crease in the proportion of hydrogen bonded C_O component at all
temperatures and suggests that TMCG interacts with the interfacial re-
gion of the DPPC bilayer, increasing the hydrogen bonding of the C_O
groups probably with the hydroxyl groups of the catechin derivative.
An increase in the degree of hydration of the phosphate group of a
different phosphatidylcholine has been described previously for some
catechins [33]. The observed interdigitation can be understood if we
consider the location of the TMCGmolecules in the bilayer. The hydrox-
yl groups of the TMCGmolecules bind to the carbonyl group of the lipid
headgroup and the rest of the TMCGmolecule is located into the hydro-
phobic core of the bilayer. Since the OH-group binds to the carbonyl
moiety of the lipid headgroup lateral space would be created between
the headgroups, leading to voids in the hydrophobic core thatwould de-
stabilize the gel phase. These voids are energetically unfavorable and it
n and solid circles were obtained from the onset and completion temperatures of themain
, liquid crystalline phase; I, interdigitated gel phase and G′, immiscible gel phases.
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Fig. 8. Temperature dependence of the maximum of the carbonyl stretching absorption
band exhibited by pure DPPC (○), DPPC/TMCG mixtures at 0.15 (□) and 0.30 (■) molar
fraction, and DPPC/QMmixture at 0.25 (●) molar fraction.
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has been shown that bilayer systems will minimize that energy by the
formation of an interdigitated phase [73]. Since the tail ends of the
TMCG molecules shield the tail ends of the lipids from the interfacial
water, the energy cost in the formation of the interdigitated phase is
minimized. In the presence of QM it can be seen that the transition tem-
perature is moderately shifted towards higher temperatures in accor-
dance with the thermotropic behavior described above for the system
in the presence of high concentration of this quinone. It is intriguing
to note that at difference with the behavior described for TMCG, the
presence of high concentration of QM produces a shift of themaximum
of the C_O band to higher frequencies, both in the gel and liquid-
crystalline phase. This increase in frequency indicates an increase in
the proportion of dehydrated C_O component at all temperatures
and suggests that QM interacts with the interfacial region of the DPPC
bilayer, decreasing the hydrogen bonding of the C_O groups with the
water molecules of the hydration layer. The hydroxyl groups of QM
will participate in hydrogen bonds with water, leaving less water mole-
cules available to interact with the phospholipids. This dehydration of
the interfacial region has been shown to correlate with a decrease of
lipid mobility [74] and thus may explain the stabilization of the gel
phase, i.e. higher end transition temperature observed by DSC.

3.4. Molecular dynamics simulations

Molecular dynamics simulations have been performed to study the
location of both TMCG and QM in the DPPC bilayer. Our analysis starts
with the density profiles of all components along the z-axis which is
normal to the two DPPC leaflets. Both catechin derivatives were placed
initially in the water phase and in the course of the simulation, they in-
teract with the bilayer. The exact distribution of all components is given
in Fig. 9A and B, in which it is clear how the TMCG molecule prefers
being in the interior of the DPPC bilayer with part of the molecule
near the water interface, and how the QMmolecule has predominantly
interfacial interactions adsorbed onto the surface. To get a general view
of how TMCG and QM are distributed in the membrane, selected snap-
shots of the TMCG/DPPC andQM/DPPC systems are shown in Fig. 9C and
D as representative pictures. It is important to note that the methoxy
groups are the part of the TMCG molecule which locate deepest into
the bilayer (data not shown), emphasizing the importance of this chem-
ical modification for the interaction of the drug with the membrane.

Molecular dynamics calculations shows that TMCG prefers to locate
in the interior of DPPC bilayers and in this way it may perturb the phos-
pholipid palisade and affect the thermotropic phase transition of the
phospholipid, altering the thickness of the membrane and increasing
the hydrogen bonding pattern of the interfacial region. At difference
with the later, molecular dynamics shows a surface interaction for QM
which agrees with its weak effect on the phospholipid phase transition
and structural parameter of the bilayer. Theses finding might be funda-
mental to understand the mechanism for the activation or TMCG and
TMECG prodrugs in melanoma [22], in this sense both TMCG and
TMECG will have a strong affinity for the bilayer membrane, which is
important given themembrane location of human tyrosinase. Although
these catechins are good substrates of this enzyme, once they have been
activated to their corresponding QM, the soluble nature of this com-
pound makes it to leave the membrane and enter into the soluble
phase, where it can efficiently bind and inhibit DHFR its molecular tar-
get. In addition, the findings presented in this paper, in relation to the
interaction between TMCG and phospholipid membranes, will contrib-
ute to understand the role of natural chatechins as bioactive agents and
open the possibility of the potential use of this synthetic derivative in
other health-promoting action of natural catechins.
4. Conclusions

The aim of this work was to characterize the interactions of an
antitumoral synthetic catechin derivative TMCG and its activated QM
productwith phosphatidylcholinemembranes. Our DSC data supported
that TMCG is able to incorporate into DPPC membranes and to interca-
late between the phospholipids molecules, where it can reduce the
cooperativity and lower the transition temperature of the gel to
liquid-crystalline phase transition. TMCG is able to form enriched
domains and at higher concentration a new gel phase is found. X-Ray
diffractionmeasurements indicated that TMCGdid not affect themacro-
scopic bilayer organization of DPPC, but the presence of TMCGproduced
a decrease of the bilayer thicknesswith the formation of an interdigitat-
ed gel phase. Infrared experiments revealed that the TMCG increased
the hydrogen bonding of the carbonyl interfacial group of the phospho-
lipid. On the other hand, QM showed limited interaction with the phos-
pholipid bilayer indicating a superficial interaction with a weak gel
stabilizing effect and producing a decreased of the hydrogen bonding
pattern of the interfacial region of the phospholipid. Our molecular dy-
namics simulation studies showed that TMCG is incorporated into the
phospholipid palisade while QM is excluded from the bilayer and inter-
act weakly with the polar part of the bilayer. Taken together, all these
results point out to TMCG as a membrane interacting compound
which could easily reach tyrosinase at its membrane location and
form its activated QM product, which will leave the membrane and
reach its soluble enzyme target. In view of the important health benefi-
cial effects of natural catechins the results presented in this paperwould
also contribute to understand the molecular mechanism underlying
their membrane related biological actions.

On the other hand, this study could be of interest for the design of
novel antimelanoma drugs. Melanoma, a highly aggressive skin cancer,
is resistant to many conventional therapies. Accumulating evidence has
indicated that melanosomes contribute to the refractory properties
of melanoma cells by sequestering cytotoxic drugs and increasing
melanosome-mediated drug export [75–78]. Thus, lipophilic drugs or
those transported by specific receptor can be trapped into the cellular
endosomal–melanosomal system, being then, exported out of melano-
ma cells. Based on these observations, it has been suggested that
preventing melanosomal sequestration of cytotoxic drugs may have
great potential as an approach to improving the chemosensitivity of
melanomas [79]. The results, obtained in this report, point out to the
possibility of the use of catechin as an effective drug carrier. Esterifica-
tion of catechin with pre-existing drugs could represent a strategy to
prevent their melanoma export; thus, after tyrosinase-mediated oxida-
tion of the catechin unit, the corresponding QM could be liberated from
the cellular endosomal–melanosomal system and released in other cel-
lular compartments to carry out their cytotoxic action.
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Fig. 9.Molecular dynamics simulation on the interaction of TMCG and QMwith DPPC bilayers. Mass density profiles of water (dotted), DPPC bilayers (solid) and TMCG (A, dashed) or QM
(B, dashed) are presented. Snapshots of the DPPC bilayers with TMCG (C) or QM (D). The system is periodic in all directions, and as such, the aqueous phase is continuous and catechin
derivatives can interact with both bilayer surfaces. Red dots correspond to water molecules, blue lines to DPPC molecules, and light-green lines to TMCG (C) and QM (D) molecules.
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