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Cellular absorption of small
molecules: free energy landscapes
of melatonin binding at
phospholipid membranes

Huixia Lu*? & Jordi Marti?X

Free energy calculations are essential to unveil mechanisms at the atomic scale such as binding of
small solutes and their translocation across cell membranes, eventually producing cellular absorption.
Melatonin regulates biological rhythms and is directly related to carcinogenesis and neurodegenerative
disorders. Free energy landscapes obtained from well-tempered metadynamics simulations precisely
describe the characteristics of melatonin binding to specific sites in the membrane and reveal the role
of cholesterol in free energy barrier crossing. A specific molecular torsional angle and the distance
between melatonin and the center of the membrane along the normal to the membrane Z-axis

have been considered as suitable reaction coordinates. Free energy barriers between two particular
orientations of the molecular structure (folded and extended) have been found to be of about 18 kJ/
mol for z-distances of about 1-2 nm. The ability of cholesterol to expel melatonin out of the internal
regions of the membrane towards the interface and the external solvent is explained from a free
energy perspective. The calculations reported here offer detailed free energy landscapes of melatonin
embedded in model cell membranes and reveal microscopic information on its transition between free
energy minima, including the location of relevant transition states, and provide clues on the role of
cholesterol in the cellular absorption of small molecules.

The main components of human cell membranes are phospholipids, cholesterol and different sorts of proteins,
all inside a salty aqueous solution. Whereas phospholipids form the essential backbone of a biomembrane, cho-
lesterol (C,;H450) can modulate some of its most important structural and mechanical properties, in particular
its fluidity, in such a way that concentration of cholesterol can tune-up a phase transition from liquid disordered
to liquid ordered states'?. In this paper we have focused our efforts in the study of zwitterionic phospholipid
membranes that can help understand basic biological membrane functions and their interaction with specific
small molecules. As an example of a prototype membrane, we considered the one formed by dimyristoylphos-
phatidylcholine (DMPC, C;cH,,NOgP) lipids, a phospholipid species employed in many experimental works,
since its gel to liquid phase transition happens at a relatively low temperature (around 295.5K)>. A large number
of simulations have already been published on DMPC membranes* !, often considering the influence of choles-
terol in aqueous ionic environments>'*'® as well as numerous reports based on experimental techniques (neutron
scattering, X-ray, infrared reflection absorption spectroscopy, NMR, etc.) have been published throughout the last
decades (see for instance refs. 19-2°).

Besides the composition of the membrane, the role of proteins and drugs and their interactions with cell mem-
brane structures is undoubtedly a relevant field of research. In this work we have considered the introduction into
the lipid bilayer structure of a small biological probe: the hormone melatonin (N-acetyl-5-methoxytryptamine,
MEL, C;3H(N,0,)*. Melatonin is a neurohormone including an indole derivative with an attached flexible
peptide-like side chain secreted at the pineal gland”” and it is derived from tryptophan, through conversion
into serotonin®. It has been observed that melatonin is able to cross most physiological barriers, such as the
blood-brain barrier?**. So, melatonin may help to control brain function®, and it has also interesting immu-
notherapeutic potential in both viral and bacterial infections®, it is able to help humans to the regulation of
biological rhythms, to induce sleep, to work as a strong antioxidant and it also contributes to the protection of
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the organism from carcinogenesis and neurodegenerative disorders such as in Alzheimer’s disease®>**. A number
of works have been focused on the structure and interactions of melatonin with zwitterionic membranes®*,
and several experiments and simulations suggest that small solutes such as tryptophan and melatonin are bound
to the phosphate and carbonyl regions of phospholipid species®**’-%°. Other studies based on the binding of
melatonin at ion channels in lymphocytes indicated an active role of melatonin in reversible blocking of the
channel and its possible activity as an immunological agent*’. While bound to membranes in aqueous solution,
strong hydrogen-bonds between the small molecule and the phospholipids belonging to the membrane have
been located in a variety of possible configurations*!. Although the binding constant and Gibbs free energy of
a probe adsorption can be estimated from experiments®**’, detailed studies of the relative stability of different
bound states are still scarce in the literature. Permeation of MEL across the cell membrane has been also a subject
of study and debate. So, recent studies indicated that cellular permeation rates in the pineal gland are of the order
of 1.7 pm/s* and that they can occur by pure diffusion. Conversely, some studies found that active processes are
required for the entrance of melatonin inside cancer cells®. In particular, glucose transporters (GLUT family)
may play a central role in melatonin uptake and even be able to inhibit tumor growth*.,

Molecular dynamics (MD) simulations have been proved to be a highly successful tool for the modeling and
simulation of atoms, ions and small solutes in bulk and at interfaces, sometimes under strict confinement con-
ditions**~*. Regarding the interaction of water, ions and small molecules at cell membranes**->!, several reliable
force fields such as AMBER, OPLS and, especially CHARMM?>2-5> have been developed. These works include
also investigation on the role of small molecules such as melatonin in solvated phospholipid membranes®¢-¢.
Nevertheless, the theoretical study of molecular binding to membranes is a computationally demanding task due
to the long simulation times required to probe association and dissociation events. In addition, in a system with
multidimensional reaction coordinates, usually several stable states (bound configurations) are separated by high
free energy barriers corresponding to transition states of the system®"%%, making it difficult for MD simulations
to sample them adequately®. Free energy calculations using enhanced sampling techniques provide a method
to address the problem and provide a great deal of understanding of the passive diffusion phenomena of small
solutes over a barrier, which requires a detailed view of the underlying free energy surface (FES). However, despite
the significant progress of free energy calculations achieved in recent years®-%, to the best of our knowledge the
free energy landscape of melatonin and most of small solutes on membrane surfaces is still mostly unknown. This
is partially due to the difficulty of applying appropriate sampling techniques to address the problem, and also
because of the complexity of the membrane environments, making the determination of the proper collective
variables a difficult challenge®”.

The problem of computing free energy landscapes in multidimensional quantum or classical systems has
been extensively discussed in the literature. A wide variety of methods has been proposed, such as hybrid quan-
tum mechanics/molecular mechanics methods®, some of them without the need of a previous knowledge of
reaction coordinates such as transition path sampling®-74, others based on multidimensional order parameters
like adaptive biasing force” for instance or, most of them, on the basis of preconceived reaction coordinates,
such as umbrella sampling methods’®””, which normally allow to place the probe at different one-dimensional
coordinates (for instance, the Z-axis normal to the instantaneous plane of the membrane). Further, density func-
tional theory (DFT) molecular dynamics” or calculations of potentials of mean force’ based on reversible work
methods®® use order parameters such as the radial distance between atomic sites. However, other degrees of free-
dom orthogonal to the biased one (z) are often of importance, and if these degrees of freedom are not properly
sampled, the obtained FES will contain errors that could easily lead to wrong conclusions. In this work we have
employed well-tempered metadynamics, a method able to efficiently explore free energy surfaces of complex sys-
tems using multiple reaction coordinates (instead of a single one) what has been revealed to be very successful®
for a wide variety of complex systems®'-#*. Furthermore, we will also discuss the role of cholesterol in the cellular
absorption of small molecules.

Methods

The calculation of Helmholtz or Gibbs free energy differences for a realistic condensed matter system is a difficult
task, mainly due to the fact that the partition function of a multidimensional system is normally unknown. In
the present case, our main aim is to obtain free energy differences in the process of binding/crossing of a small
molecule at/through at model cell membrane. This will involve configurational changes and, consequently, it
will require a considerable amount of computational time in order to explore and obtain a precise knowledge of
the hypersurface of potential energy of the system®. This task can be done by means of a variety of methods, as
we have highlighted above. All the aforementioned are suitable but their computational cost is extremely high.
A method called “local elevation” (Huber et al.*®) or “conformational flooding” (Grubmiiller®”) was the initial
idea that lead to Laio and Parrinello®*#® to introduce the concept of metadynamics as a method to explore mul-
tidimensional free energy surfaces of complex systems as a function of a finite number of the so-called collective
variables (CV) which are a priori unknown. CVs are arbitrarily chosen and act as effective reaction coordinates to
drive the calculations when moving the probe between stable state basins surrounded by free energy barriers at
the multidimensional configuration space.

Metadynamics has a clear advantage over methods like umbrella sampling: an initial estimate of the energy
landscape to explore is not requiered. However, a right selection of the CVs is crucial for the sake of the efficiency
of the calculation. Given some drawbacks of the original method, a new version was released. Well-tempered
metadynamics®* is a variant of metadynamics able to enhance the sampling of multiple CV dimensions.

In this work we have used 1.4 s metadynamics simulations to perform Gibbs free energy calculations of
the binding states of melatonin at phospholipid membrane surfaces made by DMPC lipids and cholesterol
in sodium-chloride aqueous solution. We first performed three 200 ns unbiased MD simulations using the
GROMACS/2018.3 package in order to minimize and equilibrate the three sets of MEL-membrane systems,
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Figure 1. Two structural configurations of MEL from the geometrical point of view: folded (left) and extended
(right). The dihedral (torsional) angle ¥ (defined by means of the sites 1-2-3-4 indicated in the figure by the two
magenta arrows) taken as one of the CV in the present work. The atoms forming the melatonin molecule are:
carbon (cyan), oxygen (red), hydrogen (white) and nitrogen (blue).

before launching the well-tempered metadynamics simulations. The specific interactions of MEL with cell mem-
branes are revealed and interpreted from a free energy perspective, providing a quantitative characterization of
the barriers between stable states as well as of the most relevant binding states of MEL to water and lipids. Our
work employs a general methodology to define meaningful reaction coordinates as well as to explore free energy
landscapes for small molecules or drugs at complex biological interfaces which can be extended to study other
interactions of interest between such species and charged head groups in colloidal chemistry and biology®’. All
technical details have been reported in the Supplementary Information (SI).

For membranes in ionic solutions, there exists a competition between ion binding to water molecules and to
certain binding sites of phospholipids and, eventually, cholesterol®#¢%92% Further, interaction between several
classes of lipids and cholesterol can play a significant role as well>%. In such a case, a bound state can be character-
ized by variables such as the coordination number of the ions with lipid/cholesterol binding sites and its simulta-
neous coordination number with water molecules®®. In the present case, we observed from unbiased MD
simulations of MEL in DMPC membranes® that two orientations of MEL can be associated to three different
dihedral angles involving particular molecular directions. However, only one of such dihedral angles, namely a
given angle ¥ shows an angular distribution clear enough to serve as a suitable CV, since this particular angle
reaches the same two stable values (1.42 +0.41 rad and 2.96 4= 0.18 rad) at all three cholesterol concentrations,
corresponding to two preferential molecular configurations adopted by MEL, that we called “folded” and
“extended’; respectively. The remaining dihedral angles evaluated showed large fluctuations and were clearly inad-
equate as CVs. Accordingly, we defined two main CV's to describe the binding states of MEL: CV1 is the dihedral
angle W, as represented in Fig. 1 and CV2 is the distance zy;g; _ pypc between the center of mass of the melatonin
molecule and the center of the DMPC bilayer membrane, defining Z-axis as the direction normal to the instanta-
neous plane of the membrane, i.e. the plane formed by axes X and Y. From here on, we will refer to CV2 simply as
z. We should point out that in previous standard MD simulations we have observed that MEL is normally bound
to cholesterol and/or to the carboxyl group of DMPC and in a less usual manner to the phosphate groups of
DMPC (see ref. ©°) and forming always a dihedral angle of -7 rad, i.e. at the extended configuration.

Results and Discussion

2D Free energy landscapes. Three sets of two-dimensional (2D) well-tempered metadynamics simula-
tions based on the specific CVs defined above were performed to calculate free-energy surfaces of MEL at choles-
terol contents of 0%, 30% and 50% at neutral zwitterionic DMPC membranes. The results reported in Figs. 3-6 of
SI clearly indicate that all the simulations converged properly. The resulting 2D free energy surfaces of melatonin
bound to DMPC membranes are shown in Figs. 2-4. Each state can be indexed by the two CVs. A pattern includ-
ing several regions with clear minima is present in the FES in all cases. The main features are the global minima
of each FES located between z € [0.7,2.3] nm and around two distinctive values for the dihedral angle, namely
those around [¥| ~ [1.2, 7] rad. Such orientations are in excellent agreement with the average values of ¥
obtained from ordinary MD simulations® (see Fig. 7 therein) and they correspond to the two folded and extended
geometries of melatonin previously observed.

As a general feature, free energy values from metadynamics simulations collected from the 2D-surfaces cor-
respond to contour plots with values including a global minimum. Usually, this global minimum is set to zero.
Nevertheless, we should point out that the zero of each 2D plot can be arbitrarily fixed, since the physically mean-
ingful quantities are not the absolute values of F(¥, z) but the free energy differences. In the present work, the
zeroes of each 2D plot have been set at the configuration of MEL fully solvated for water, since the extracellular
bulk is a common feature of all sets, regardless of their cholesterol contents. In particular, we set the zero free
energy for values of CV2 (z positions) at ~4nm (cholesterol free case) and ~5nm (for the two cholesterol-rich
cases) i.e. with MEL fully solvated by water, and the values of CV1 corresponding to the lowest value of F, that was
for U'=0 in all cases. This means that, since we did not set the zero at the absolute minimum value of F for each
2D surface, we are reporting positive and negative values of F.

The overall range of absolute free energies reported in Figs. 24 is rather wide, similar to the range reported
in the work of Jambeck and Lyubartsev®* for small-molecules (ibuprofen, aspirin and diclofenac) around lipid
bilayers, who found free energy ranges of the order of 70kJ/mol and barriers of around 20-40kJ/mol. On the
other hand, in our preliminary unbiased MD simulation® we estimated from reversible work calculations (based
on considering radial distances as reaction coordinates) barriers for MEL forming or breaking hydrogen bonds
to DMPC lipids to be in between 2 and 10kJ/mol, when MEL is located inside the interfacial region, but free
energy barriers related to orientational changes of MEL and to global displacements of MEL to the center of the
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Figure 2. 2D free energy landscapes F(, z) (in kJ/mol) in the cholesterol-free case. Four stable state basins
(A,B,C,D) are indicated. TS indicates a (local) transition state between basins (A,B). The minimum free energy
path is shown in dark blue, indicating all the computed points of the path, as listed in Table 3 of SI. Snapshots
‘A’ and ‘B’ correspond to selected basins (A,B) on the free energy hypersurface, respectively. In between basins
(A,B) we have found a transition state corresponding to the conformational angular change of MEL between
extended (basin A) and folded (basin B) configurations. DMPC (white), sodium ions (yellow), chlorine (dark
orange), water (blue) and for melatonin: carbon (cyan), nitrogen (dark blue), oxygen (red), hydrogen (white).
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Figure 3. 2D free energy landscapes F(, z) (in kJ/mol) in the case of 30% cholesterol. Minimum free energy
path pictured as in Fig. 2. Snapshot ‘TS’ corresponds to the global TS on the free energy surface. Colors as in
Fig. 2, with cholesterol chains depicted in green.

membrane or to the extracellular bulk were not considered. Given this wide free energy range, we will focus espe-
cially on the characterization of the free energy barriers between the particular states of MEL at interfaces and
MEL fully solvated by water, where the raw differences are in the range of 10-25k]J/mol.

Further, in Fig. 2 of SI we can clearly identify a few events where MEL permeated the membrane from one
leaflet to the other one at all three cholesterol concentrations, because of the bias employed in the well-tempered
metadynamics runs and also that the two selected CVs reached all possible values within given ranges.
Nevertheless, in the time span of 200 ns of auxiliary MD simulations we did not record any spontaneous crossing
of MEL through the DMPC membrane. Given the open debate on the mechanisms of MEL permeation through
cells (see References*>*), our results appear to be in qualitative disagreement with the reported experimental
permeability of MEL across the pineal gland plasma membrane®, of the order of 1.7 um/s. We believe that the
disagreement is essentially due to the pressure difference between both sides of the plasma membrane applied
in the experiments by Yu ef al.*? and that we did not consider in the present work where, as indicated in SI, we
performed our simulations at the NPT ensemble considering a constant pressure of 1 atm at the two sides of the
membrane and for the whole system. In addition, the experimental setups consider real plasma membranes con-
taining a large variety of species such as large trans-membrane proteins that we have not considered here and that
may favor the crossing of the membrane by MEL. Finally, in the recent work of Wang et al.*® small solutes such as
glycerol, caffeine, iso-propanol or etho-suximide were simulated nearby a model cell membrane. These authors
found that, in order to observe trans-membrane crossings of such small solutes in the time length of a simulation
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Figure 4. 2D free energy landscapes F(V, z) (in k]/mol) in the case of 50% cholesterol. “T'S’ corresponds to the
global TS on the FES. Snapshot ‘D’ corresponds to selected basin D. Colors as in Fig. 3.

at the atomic level of description, they needed to run trajectories of 10 1 s at low temperatures (310 to 330K) or,
alternatively, rise the temperatures to more than 400K (for simulation times of 1 ys).

The 2D free energy landscapes reveal that the most favorable stable states of melatonin binding to the mem-
brane (basins A,B,C,D) correspond to z-distances around 0.8 nm at the cholesterol-free system, whereas such
distance tends to increase significantly around to 1.6 nm for the 30% cholesterol concentration and up to 2.2nm
when cholesterol reaches 50% of the total amount of lipids in the system. Considering the information revealed
by CV1, i.e. the torsional angle ¥, we can distinguish two sets of minima: (1) For |¥| ~ 1.2 rad (basins B and C)
and (2) for |¥| =7 rad (basins A, and D). These minima are related with the two preferential configurations of
MEL close to a DMPC-cholesterol bilayer (folded, extended) indicated above. According to CV2, i.e. the distance
between the center of mass of the melatonin molecule and the center of the DMPC bilayer membrane, MEL is
preferentially located at the interface of the DMPC-cholesterol bilayer (regions with 0.7 <z < 3.0 nm).

Locations of MEL outside the interface i.e. (z< 0.7 and z> 3.0 nm) show large free energies. These regions will
be considered as (1) “water-solvated” (z > 3.0 nm, assuming that it in such regions MEL is fully solvated by the
electrolyte solution surrounding the membrane) or (2) “internal” regions of the membrane (z < 0.7 nm, assuming
that in such cases MEL is fully imbedded into the body of the membrane). In previous works, related to the struc-
ture and dynamics of tryptophan*"** we observed that tryptophan, a molecule quite similar to melatonin (and one
of its precursors) spent about 30% of unbiased MD simulation runs at the “water-solvated” state and the remain-
ing time adsorbed at the interface. This state can be considered as a normal, accessible configuration of MEL. As
it can be observed in Figs. 2-4 when MEL is fully solvated by water (4.2 >z > 3 nm for the cholesterol-free case
and 5.7 >z >3 nm at 30 and 50% cholesterol) it tends to stay in a quite high free-energy conformation, far away
from the corresponding minima, located at the stable state basins. In this situation MEL can change its orienta-
tional order with a moderately low free energy cost. Something similar happens when MEL reaches very internal
regions of the membrane (z < 0.7 nm).

Since the present 2D representation includes a wide variety of low free energy states related to conforma-
tional and structural changes, some specific numerical calculations are in order. In particular, it is very useful to
compute the so-called minimum free energy path (MFEP), that can be determined by iteratively refine a pathway
connecting stable states that converges to the minimum free energy trajectory between them (see References’>~*%).
Although no full explanation of these methods is reported here, particular details about how minimum free
energy paths have been obtained are reported in SI. There we have included Table 3, where the coordinates of the
three paths are listed.

From MFEP we can extract information associated to the most probable trajectories in the CV space followed
by the system when evolving between stable states and when eventually crossing high energy barriers that can
be associated to local or global transition states (TS) located at the free energy hypersurface. Here we assume the
canonical interpretation give by Transition State Theory of the (global) TS as a saddle point in between two stable
states located at the minimum free energy path and having the largest energy®>!%. In the following list we will
report the size of free energy barriers at two given states. These barriers can be compared to experimental data
(see for instance ref. °®). The main features and numerical estimations can be summarized as follows:

1. Measuring the value of the absolute free energy directly from the 2D plots, we can identify the approximat-
ed location of TS revealed by the MFEP:

(a) InFig. 2, thelocal maximum labeled TS is at the pair of coordinates (¥ = —1.97 rad, z=0.97 nm);
(b) The global TS in Fig. 3 is located at (' = —0.14 rad, z=1.58 nm) and
(c) The global TS in Fig. 4 corresponds to (U =0.16 rad, z=2.25 nm).
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Figure 5. Snapshots of representative bound states for MEL at the interface of the membrane. Colors of MEL
as in Fig. 1. Colors for DMPC/cholesterol: carbon (cyan), nitrogen (dark blue), oxygen (red), hydrogen (white).
Hydrogen bonds indicated as green solid lines. Left: case of 0% cholesterol concentration, with MEL bound to
two DMPC molecules; Right: case of 30% cholesterol concentration, with MEL bound to one DMPC and one
cholesterol molecule.

2. We can estimate the location and values of the free energy barriers between the significant states of “MEL
at interface” and “water-solvated” (taken in all cases at z=4 nm) respectively for each cholesterol concen-
tration. Let us note coordinates as (CV1 in rad, CV2 in nm):

(a) At 0% cholesterol, MEL at interface corresponds to the coordinate (—, 0.79) and when water-solvated
corresponds to (—, 4.0), with a barrier is of 25.3kJ/mol;

(b) At 30% cholesterol, the two coordinates are (—1.19, 1.41) and (—1.19, 4.0) with a barrier of 14.1 k]J/mol;

(c) At 50% cholesterol, the two coordinates are (—, 2.17) and (—, 4.0) with a barrier of 9.1 kJ/mol.

3. Other relevant free energy barriers are located between the free energy minima (let us take basin ‘A’ as
the reference) and the center of the membrane (z=0) in all cases, with values of the order of 40 kJ/mol
(0% cholesterol) and of 50kJ/mol (for 30% and 50% cholesterol). These barriers are difficult to be crossed
spontaneously by MEL, but they are interesting in order to estimate the amount of free energy such that
MEL can permeate the membrane. As expected, when cholesterol is present in the membrane, the barriers
are considerably higher than for the cholesterol free case.

4. Concerning angular-related barriers, there is a relevant one between the two angular stable states of MEL
(basins A and B), i.e. folded (|¥| ~1.17 rad) and extended (|¥| =) conformations of 18.8 kJ/mol for the
cholesterol-free case and of 19.7 kJ/mol at 30% and 17.6 kJ/mol at 50% cholesterol concentrations. This
corresponds to MEL at the interface. This conformational barrier corresponds to surmount the local TS
indicated in Fig. 2. The corresponding barrier when MEL is solvated by water is of 18.3kJ/mol.

5. Other TS can be obtained for the conformational change between angles W' = —1.17 rad and ¥ =1.17 rad
(i.e. between basins B and C in Figs. 3 and 4). The corresponding barriers are of 22.0kJ/mol (30% cho-
lesterol) and 28.3kJ/mol (50% cholesterol). These can be considered the absolute TS of the system, since
they show the maximum free energy along the reaction coordinate, indicated by the MFEP. The equivalent
global TS of Fig. 2 (0% cholesterol), has a barrier of 26.5k]/mol. In all cases, MEL crossing of a TS can
be carried out through an intermediate configuration of MEL with W' =0, as represented in the snapshot
reported in Fig. 3. When MEL is solvated by water, the corresponding barrier is of about 21kJ/mol for each
case.

The visible shifts to larger distances z of basins A, B, C and D shown in Figs. 2-4 clearly reveal that the binding
competitiveness of lipid head groups has been diminished by cholesterol contents and that the affinity of MEL
to DMPC membranes becomes less favorable as cholesterol concentration increases, which is in agreement with
previous experiments and simulations on MEL and cholesterol at variable concentrations close to dioleoylphos-
phatidylcholine and dipalmytoilphosphatidylcholine membranes®®>’, where it was observed that cholesterol helps
amembrane to increase its thickness and reduce its area per lipid, whereas melatonin operates in the reverse way
and tends to decrease the thickness of the membrane and increase its area per lipid.

In order to show characteristic molecular configurations of MEL when located at the interface of the mem-
brane, two characteristic snapshots at 0 and 30% cholesterol concentrations are reported in Fig. 5. We have
included in the figure only MEL and its closest solvating lipids, namely two DMPC at 0% and one DMPC and
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Figure 6. Integrated free energy F(z) for 0%, 30% and 50% cholesterol.

one cholesterol at 30%. Both configurations correspond to the dihedral angle ¥ = rad and to z distances of 0.8
(0%) and 1.6 nm (30%). With the aid of these snapshots we can see that MEL is able to be simultaneously bound
to both DMPC and cholesterol chains through hydrogen-bonds. The binding sites were determined to be oxygens
‘06’ of DMPC and the oxygen from the hydroxyl group of cholesterol and hydrogens ‘H15” and ‘H16” of MEL (see
Reference® for further details).

According to point (1) of the list above, the energetic cost for MEL to move from the interface to the
water-solvated region diminishes when cholesterol concentration increases. This means that cholesterol favors
MEL to move outside the membrane and eventually stay in the outer regions of the interface. To understand
these changes, we should remember the well-known condensing effect of cholesterol on lipid bilayers, which pro-
duces higher membrane rigidity and ordering!?. Interestingly, such transition in the binding behavior of MEL at
cholesterol ~30% mol might be correlated with the phase transition point of DMPC-cholesterol membranes, in
which membranes change from a liquid-disordered phase to a liquid-ordered phase!*>'%. Concerning the angular
configurations, our results indicate that changing from extended to folded forms does not require to surmount a
high energy barrier, but one of about 19 kJ/mol when MEL is located at the interface of the membrane. Gibbs free
energy barriers of about 15k]/mol have been also obtained in simulations of the translocation of ethanol across
a lipid bilayer membrane®.

1D free energy profiles. Asan alternative to the 2D FES and MFEP reported above, we considered the cal-
culation of 1D free energy profiles as a function of only one of the two CV. This will allow us to directly compute
free energy differences for meaningful MEL conformations, especially for MEL at the interface and at the center
of the membrane. In Figs. 6 and 7 we represent the dependence of the integrated binding free energy F(s1) on one
CV for membranes with three cholesterol concentrations after integrating out the second CV according to®1%:

j’ea{f F(s1,5,) dSz
fe” F(s150) ds,ds,

>

F(s) = —8"'In

&y

where s, and s, are the CVs, 3= 1/(kgT), kg is the Boltzmann constant and T is the absolute temperature. This
means that all possible paths for the CV labeled as s, have been averaged. F(s;) reveals additional information
about the most stable states only as a function of one CV. This also allow us to compare the relative stability of
MEL at setups with different cholesterol contents separately as a function of z or U. These barriers can be also
directly compared to experimental findings®.

In Fig. 6, we set the zero of each free energy at the extracellular bulk (z=4 nm at 0% cholesterol and at z=5
nm at 30 and 50%), as we did in the 2D free energy surfaces. Since in Fig. 7 the spatial dependence has been inte-
grated out, we have fixed the zero to the minimum free energy in each case.

In agreement with the preliminary findings reported in the previous section, the observed behavior is that
the position of stables states of MEL depends of the contents of cholesterol in the membrane: minima of F(z) are
located at z=0.8 nm for 0% cholesterol, at z= 1.6 nm for 30% cholesterol and at z= 2.2 nm for 50% cholesterol.

From plots in Figs. 6 and 7 we can obtain meaningful free energy barriers, i.e. free energy differences related
to particular processes. We can highlight the following:

1. MEL needs about 25.5kJ/mol to move from inside the interface of the membrane to the water-solvent re-
gions at 0% cholesterol concentration, whereas it requires 14.3 kJ/mol at 30% cholesterol and 16.7 kJ/mol at
50% cholesterol (Fig. 6). The net effect of cholesterol is to reduce the energetic cost of MEL moving across
the membrane from the interface to the aqueous solvent.
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Figure 7. Integrated free energy F (¥) for 0%, 30% and 50% cholesterol.

2. The barrier that needs to be surmounted for MEL to move from the interface to the center of the mem-
brane is significantly high, between 40 (0%) and 50 kJ/mol (30-50%) (see Fig. 6). Even though these large
numbers can be a drawback of the method employed here, it is very clear that in the process of crossing the
membrane from one leaflet to the other, cholesterol enhances the free energy cost. We expect that increas-
ing temperature® or pressure* it would be possible to observe the crossing of such barriers by MEL.

3. Further, in order to reach a folded configuration (|¥| =1.17 rad) from the extended configuration (|¥| =7
rad) (Fig. 7), MEL has to surmount barriers of 18.4 (0%), 15.7 (30%) and 17.3 kJ/mol (50%). This means
that for MEL it is quite easy to adjust its molecular geometry in order to exchange its configuration
between two orientational stable states. We should add that in standard molecular dynamics®, it is easy
to observe that MEL can change its configuration varying the dihedral angle ¥ and that it can move from
interfaces of the DMPC-cholesterol membrane bilayer to the water-solvated region and vice-versa.

4. Finally, the access to the conformational structure with ¥ =0 demands to surmount a barrier of about
25kJ/mol from a folded configuration. We should point out that this is essentially the cost of crossing a
global TS, because in such a case the coordinate z changes very little (see point (5) of the list reported in
“2D Free Energy Landscapes”).

In processes such as interactions of MEL with free radicals!'®, it has been estimated from DFT methods that
Gibbs free energy changes from vacuum to aqueous solution were in between 33 and 670k]J/mol. For the mech-
anism of MEL nitrosation (reaction of MEL with nitric oxide)'% the Hartree-Fock estimated free energies were
of 50-59kJ/mol in vacuo. Further, the Gibbs free energy of MEL binding to the protein calmodulin has been
estimated to be around 36kJ/mol, 3-fold larger than the experimental value!”. From the experimental side,
Florio et al.'® used a variety of techniques such as combination of two-color resonant two-photon ionization,
laser-induced fluorescence excitation, resonant ion-dip infrared spectroscopy, fluorescence-dip infrared spectros-
copy, and UV-UV hole-burning spectroscopy, to explore the conformational preferences of an isolated melatonin
molecule under molecular beams. In such a system, these authors found MEL three trans and two cis conformers
showing a free energy gap of about 12.5k]J/mol, quite close to the values obtained in the present work for the
conformational angular changes (folded to extended and vice-versa). Finally, Florio and Zwier!'®, analyzed the
solvation of MEL by water clusters using infrared and ultraviolet spectroscopy and found barriers of about 63k]/
mol for the cis/trans isomerization process. All these findings indicate the difficulty of obtaining precise values of
free energy barriers in general and for processes where MEL is involved, in particular. Thus, some of these numer-
ical estimations report values for different binding and conformational processes of order of magnitude similar
to the results presented in this work.

Conclusions

In this manuscript we have provided, to the best of our knowledge, the first quantitative characterization to date
of the binding states of melatonin at model DMPC-cholesterol phospholipid cell membranes through the calcu-
lation of free energy landscapes. With the help of well-tempered metadynamics simulations we have calculated
2D free energy landscapes and located the binding stable states and several (local and global) transition states of
the system. Zero of all free energies were set at the extracellular bulk, i.e. for MEL fully solvated by water and the
ionic solution. Two CV's have been considered: CV1 is the dihedral angle U as described in Fig. 1 and CV2 is the
distance in the normal direction zy; _ pypc between center of mass of MEL and of the center of lipid bilayer
(given by z=0). The convergence of the simulations has been found to be very good, as explained in SI. We
should note that some absolute free energies reported in Figs. 2—4 are significantly high, suggesting possible draw-
backs of the metadynamics method, which we did not attempted to correct.

SCIENTIFIC REPORTS |

(2020) 10:9235 | https://doi.org/10.1038/s41598-020-65753-z


https://doi.org/10.1038/s41598-020-65753-z

www.nature.com/scientificreports/

Our results indicate that melatonin can be bound to the internal side of the membrane, at distances z~ 1-2
nm and in several stable state configurations where the dihedral |[¥| =1.17 rad and |¥| =7 rad. Such angular val-
ues respectively correspond to structural organizations of MEL (folded and extended) with the group of atomic
sites of MEL out of the indole region (that we could call the “tail” of melatonin) distributed in either closed or
open (linear-like) fashion, respectively. Interestingly, the two relevant orientational configurations of MEL can
be found at the full range of z distances to the center of the membrane, i.e., neither of them is characteristic of a
particular binding either to DMPC either to cholesterol or of its solvation by water. From the calculation of the
minimum free energy paths, we have observed that the most probable trajectory of MEL is along the interface of
the membrane, changing its conformation between extended and folded configurations by means of surmounting
free energy barriers of about 15-20kJ/mol. In addition, the methodology employed in the present work allowed
us to locate several global and local TS of the system and to estimate the values of their free energy barriers.

The role of cholesterol has been found to pull MEL off the internal regions of the interface of the membrane,
i.e. to move it outside the membrane, an effect more marked as concentration of cholesterol rises. The energetic
cost for MEL to leave the interface of the membrane and to be fully solvated by water (z-distances around 4 nm),
has been estimated to be of between 10 and 25k]J/mol. The less common situation was found to be with MEL
accessing regions around the center of the membrane, process requiring to cross free energy barriers above 40 k]J/
mol. We believe that the findings presented in this work could be of practical use in designing new reaction
coordinates (such as a variety of torsional angles of MEL) for multidimensional, more accurate free energy calcu-
lations able to explore a wide variety of relevant small solute species of biochemical interest such as aminoacids,
neurotransmitters, drugs or hormones. The same methodology can be applied to systems of larger size such as
big peptides or proteins: for instance, a detailed study of the absorption and binding of the oncogenic protein
KRAS-4B in dioleoylphosphatidylcholine/dioleoylphosphatidylserine/cholesterol membranes is currently under
investigation in our laboratory.

Received: 23 November 2019; Accepted: 5 May 2020;
Published online: 08 June 2020

References
1. Mouritsen, O. G. The liquid-ordered state comes of age. Biochimica et Biophysica Acta (BBA)-Biomembranes 1798, 1286-1288
(2010).
2. de Meyer, F. J.-M., Benjamini, A., Rodgers, J. M., Misteli, Y. & Smit, B. Molecular simulation of the dmpc-cholesterol phase
diagram. The Journal of Physical Chemistry B 114, 10451-10461 (2010).
3. Chen, W,, Dusa, E, Witos, J., Ruokonen, S.-K. & Wiedmer, S. K. Determination of the main phase transition temperature of
phospholipids by nanoplasmonic sensing. Scientific Reports 8, 14815 (2018).
4. Damodaran, K. & Merz, K. M. Jr. A comparison of dmpc-and dlpe-based lipid bilayers. Biophysical Journal 66, 1076-1087 (1994).
5. Chiu, S.-W. et al. Incorporation of surface tension into molecular dynamics simulation of an interface: a fluid phase lipid bilayer
membrane. Biophysical Journal 69, 1230-1245 (1995).
6. Sugar, L. P, Thompson, T. E. & Biltonen, R. L. Monte carlo simulation of two-component bilayers: Dmpc/dspc mixtures. Biophysical
Journal 76,2099-2110 (1999).
7. Feller, S. E. Molecular dynamics simulations of lipid bilayers. Current Opinion in Colloid & Interface Science 5, 217-223 (2000).
8. Smondyrev, A. M. & Voth, G. A. Molecular dynamics simulation of proton transport near the surface of a phospholipid membrane.
Biophysical Journal 82, 1460-1468 (2002).
9. Gurtovenko, A. A, Patra, M., Karttunen, M. & Vattulainen, I. Cationic dmpc/dmtap lipid bilayers: molecular dynamics study.
Biophysical Journal 86, 3461-3472 (2004).
10. Shinoda, W, DeVane, R. & Klein, M. L. Zwitterionic lipid assemblies: molecular dynamics studies of monolayers, bilayers, and
vesicles using a new coarse grain force field. The Journal of Physical Chemistry B 114, 6836-6849 (2010).
11. Yang, J., Calero, C. & Marti, J. Diffusion and spectroscopy of water and lipids in fully hydrated dimyristoylphosphatidylcholine
bilayer membranes. The Journal of Chemical Physics 140, 104901 (2014).
12. Tu, K., Klein, M. L. & Tobias, D. J. Constant-pressure molecular dynamics investigation of cholesterol effects in a
dipalmitoylphosphatidylcholine bilayer. Biophysical Journal 75, 2147-2156 (1998).
13. Smondyrev, A. M. & Berkowitz, M. L. Structure of dipalmitoylphosphatidylcholine/cholesterol bilayer at low and high cholesterol
concentrations: molecular dynamics simulation. Biophysical Journal 77, 2075-2089 (1999).
14. Chiu, S., Jakobsson, E., Mashl, R. J. & Scott, H. L. Cholesterol-induced modifications in lipid bilayers: a simulation study.
Biophysical Journal 83, 1842-1853 (2002).
15. Hénin, J. & Chipot, C. Hydrogen-bonding patterns of cholesterol in lipid membranes. Chemical Physics Letters 425, 329-335
(2006).
16. de Meyer, F. & Smit, B. Effect of cholesterol on the structure of a phospholipid bilayer. Proceedings of the National Academy of
Sciences of the USA 106, 3654-3658 (2009).
17. Rabinovich, A. & Lyubartsev, A. P. Computer simulation of lipid membranes: Methodology and achievements. Polymer Science
Series C 55, 162-180 (2013).
18. Magarkar, A. et al. Cholesterol Level Affects Surface Charge of Lipid Membranes in Saline Solution. Science Reports 4, 5005 (2014).
19. Knoll, W., Schmidt, G., Ibel, K. & Sackmann, E. Small-angle neutron scattering study of lateral phase separation in
dimyristoylphosphatidylcholine-cholesterol mixed membranes. Biochemistry 24, 5240-5246 (1985).
20. Almeida, P. E, Vaz, W. L. & Thompson, T. Lateral diffusion in the liquid phases of dimyristoylphosphatidylcholine/cholesterol lipid
bilayers: a free volume analysis. Biochemistry 31, 6739-6747 (1992).
21. Richter, F, Rapp, G. & Finegold, L. Miscibility gap in fluid dimyristoylphosphatidylcholine: cholesterol as ‘seen’ by x rays. Physical
Review E 63,051914 (2001).
22. Léonard, A. et al. Location of cholesterol in dmpc membranes. a comparative study by neutron diffraction and molecular
mechanics simulation. Langmuir 17, 2019-2030 (2001).
23. Bin, X, Horswell, S. L. & Lipkowski, J. Electrochemical and pm-irras studies of the effect of cholesterol on the structure of a dmpc
bilayer supported at an au (111) electrode surface, part 1: Properties of the acyl chains. Biophysical Journal 89, 592-604 (2005).
24. Kucderka, N. et al. Lipid bilayer structure determined by the simultaneous analysis of neutron and x-ray scattering data. Biophysical
Journal 95, 2356-2367 (2008).
25. Leftin, A., Molugu, T. R, Job, C., Beyer, K. & Brown, M. E. Area per lipid and cholesterol interactions in membranes from separated
local-field 13¢ nmr spectroscopy. Biophysical Journal 107, 2274-2286 (2014).

SCIENTIFIC REPORTS |

(2020) 10:9235 | https://doi.org/10.1038/s41598-020-65753-z


https://doi.org/10.1038/s41598-020-65753-z

www.nature.com/scientificreports/

26.
27.

28.
29.

30.
31.
. Maestroni, G. J. The immunotherapeutic potential of melatonin. Expert Opinion on Investigational Drugs 10, 467-476 (2001).
33.
34.

35.

36.
37.
38.
39.

40.
41.

42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

67.

de Jesus, A. J. & Allen, T. W. The role of tryptophan side chains in membrane protein anchoring and hydrophobic mismatch.
Biochimica et Biophysica Acta (BBA)-Biomembranes 1828, 864-876 (2013).

Reiter, R. J. Pineal melatonin: cell biology of its synthesis and of its physiological interactions. Endocrine Reviews 12, 151-180
(1991).

Jacobs, B. L. & Azmitia, E. C. Structure and function of the brain serotonin system. Physiological Reviews 72, 165-229 (1992).
Costa, E. ], Lopes, R. H. & Lamy-Freund, M. T. Permeability of pure lipid bilayers to melatonin. Journal of Pineal Research 19,
123-126 (1995).

Bongiorno, D. et al. Localization and interactions of melatonin in dry cholesterol/lecithin mixed reversed micelles used as cell
membrane models. Journal of Pineal Research 38, 292-298 (2005).

Acufla-Castroviejo, D. et al. Minireview: cell protective role of melatonin in the brain. Journal of Pineal Research 19, 57-63 (1995).

Kostoglou-Athanassiou, I. Therapeutic applications of melatonin. Therapeutic Advances in Endocrinology and Metabolism 4, 13-24
(2013).

Dies, H., Toppozini, L. & Rheinstadter, M. C. The interaction between amyloid- 3 peptides and anionic lipid membranes containing
cholesterol and melatonin. PLoS One 9, €99124 (2014).

Severcan, E, Sahin, I. & Kazanci, N. Melatonin strongly interacts with zwitterionic model membranes—evidence from fourier
transform infrared spectroscopy and differential scanning calorimetry. Biochimica et Biophysica Acta (BBA)-Biomembranes 1668,
215-222 (2005).

Dies, H., Cheung, B., Tang, J. & Rheinstadter, M. C. The organization of melatonin in lipid membranes. Biochimica et Biophysica
Acta (BBA)-Biomembranes 1848, 1032-1040 (2015).

Costa, E. ], Shida, C. S., Biaggi, M. H,, Ito, A. S. & Lamy-Freund, M. T. How melatonin interacts with lipid bilayers: a study by
fluorescence and esr spectroscopies. FEBS Letters 416, 103-106 (1997).

Yau, W.-M., Wimley, W. C., Gawrisch, K. & White, S. H. The preference of tryptophan for membrane interfaces. Biochemistry 37,
14713-14718 (1998).

MacCallum, J. L., Bennett, W. D. & Tieleman, D. P. Distribution of amino acids in a lipid bilayer from computer simulations.
Biophysical Journal 94, 3393-3404 (2008).

Varga, Z. et al. Multiple binding sites for melatonin on kv1. 3. Biophysical Journal 80, 1280-1297 (2001).

Lu, H. & Marti, J. Effects of cholesterol on the binding of the precursor neurotransmitter tryptophan to zwitterionic membranes.
The Journal of Chemical Physics 149, 164906 (2018).

Yu, H., Dickson, E. ], Jung, S.-R., Koh, D.-S. & Hille, B. High membrane permeability for melatonin. The Journal of General
Physiology 147, 63-76 (2016).

Hevia, D. et al. Melatonin uptake in prostate cancer cells: intracellular transport versus simple passive diffusion. Journal of Pineal
Research 45, 247-257 (2008).

Hevia, D. et al. Melatonin uptake through glucose transporters: a new target for melatonin inhibition of cancer. Journal of Pineal
Research 58, 234-250 (2015).

Rallabandi, P. S. & Ford, D. M. Permeation of small molecules through polymers confined in mesoporous media. Journal of
Membrane Science 171, 239-252 (2000).

Videla, P. E,, Sala, J., Mart, J., Guardia, E. & Laria, D. Aqueous electrolytes confined within functionalized silica nanopores. The
Journal of chemical physics 135, 104503 (2011).

Yan, Z. et al. Two-dimensional ordering of ionic liquids confined by layered silicate plates via molecular dynamics simulation. The
Journal of Physical Chemistry C 119, 19244-19252 (2015).

Marrink, S. J. & Berendsen, H. J. Permeation process of small molecules across lipid membranes studied by molecular dynamics
simulations. The Journal of Physical Chemistry 100, 16729-16738 (1996).

HofsiB, C., Lindahl, E. & Edholm, O. Molecular dynamics simulations of phospholipid bilayers with cholesterol. Biophysical
Journal 84, 2192-2206 (2003).

Milton, H. Jr. et al. Molecular dynamics in biological membranes (Springer Science & Business Media, 2012).

Grouleff, J., Irudayam, S. J., Skeby, K. K. & Schigtt, B. The influence of cholesterol on membrane protein structure, function, and
dynamics studied by molecular dynamics simulations. Biochimica et Biophysica Acta (BBA)-Biomembranes 1848, 1783-1795
(2015).

Klauda, J. B. et al. Update of the charmm all-atom additive force field for lipids: Validation on six lipid types. The. Journal of Physical
Chemistry B 114, 7830-7843 (2010).

Lim, J. B., Rogaski, B. & Klauda, J. B. Update of the cholesterol force field parameters in charmm. The Journal of Physical Chemistry
B116,203-210 (2012).

Yang, J., Marti, J. & Calero, C. Pair interactions among ternary dppc-popc-cholesterol mixtures in liquid-ordered and liquid-
disordered phases. Soft Matter 12, 4557-4561 (2016).

Marrink, S. J. et al. Computational modeling of realistic cell membranes. Chemical Reviews 119, 6184-6226 (2019).

Drolle, E. et al. Effect of melatonin and cholesterol on the structure of dopc and dppc membranes. Biochimica et Biophysica Acta
(BBA)-Biomembranes 1828, 2247-2254 (2013).

Choi, Y. et al. Melatonin directly interacts with cholesterol and alleviates cholesterol effects in dipalmitoylphosphatidylcholine
monolayers. Soft Matter 10, 206-213 (2014).

Lu, H. & Marti, J. Binding free energies of small-molecules in phospholipid membranes: Aminoacids, serotonin and melatonin.
Chemical Physics Letters 712, 190-195 (2018).

Wang, Y. et al. An experimentally validated approach to calculate the blood-brain barrier permeability of small molecules. Scientific
Reports9,6117 (2019).

Lu, H. & Marti, J. Binding and dynamics of melatonin at the interface of phosphatidylcholine-cholesterol membranes. PLoS One
14, €0224624 (2019).

Komornicki, A., Ishida, K., Morokuma, K., Ditchfield, R. & Conrad, M. Efficient determination and characterization of transition
states using ab-initio methods. Chemical Physics Letters 45, 595-602 (1977).

Zhang, X.-]., Shang, C. & Liu, Z.-P. Double-ended surface walking method for pathway building and transition state location of
complex reactions. Journal of Chemical Theory and Computation 9, 5745-5753 (2013).

Barducci, A., Bonomi, M. & Parrinello, M. Metadynamics. Wiley Interdisciplinary Reviews: Computational Molecular Science 1,
826-843 (2011).

Jambeck, J. P. & Lyubartsev, A. P. Exploring the free energy landscape of solutes embedded in lipid bilayers. The Journal of Physical
Chemistry Letters 4,1781-1787 (2013).

Chipot, C. Frontiers in free-energy calculations of biological systems. Wiley Interdisciplinary Reviews: Computational Molecular
Science 4,71-89 (2014).

Yang, J., Bonomi, M., Calero, C. & Marti, . Free energy landscapes of sodium ions bound to dmpc-cholesterol membrane surfaces
at infinite dilution. Physical Chemistry Chemical Physics 18, 9036-9041 (2016).

Hansen, N. & Van Gunsteren, W. F. Practical aspects of free-energy calculations: a review. Journal of Chemical Theory and
Computation 10, 2632-2647 (2014).

SCIENTIFIC REPORTS |

(2020) 10:9235 | https://doi.org/10.1038/s41598-020-65753-z


https://doi.org/10.1038/s41598-020-65753-z

www.nature.com/scientificreports/

68.
69.

70.
71.

72.
73.

74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.
. Vlachy, N. et al. Hofmeister series and specific interactions of charged headgroups with aqueous ions. Advances in Colloid and

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

103.

104.
105.

106.
107.
108.

109.

Senn H.M., T. W. QM/MM methods for biological systems. In: Atomistic approaches in modern biology (Springer-Verlag Berlin
Heidelberg, 2006).

Marti, J., Csajka, E. S. & Chandler, D. Stochastic transition pathways in the aqueous sodium chloride dissociation process. Chemical
Physics Letters 328, 169-176 (2000).

Geissler, P. L., Dellago, C., Chandler, D., Hutter, J. & Parrinello, M. Autoionization in liquid water. Science 291, 2121-2124 (2001).

Marti, J. Transition path sampling study of the local molecular structure in the aqueous solvation of sodium chloride. Molecular
Simulation 27, 169-185 (2001).

Dellago, C., Bolhuis, P. G. & Geissler, P. L. Transition path sampling. Advances in Chemical Physics 123, 1-78 (2002).

Marti, J. & Csajka, . S. Transition path sampling study of flip-flop transitions in model lipid bilayer membranes. Physical Review E
69, 061918 (2004).

Dellago, C. & Bolhuis, P. G. Transition path sampling simulations of biological systems. In Atomistic Approaches in Modern
Biology, 291-317 (Springer, 2006).

Henin, J., Fiorin, G., Chipot, C. & Klein, M. L. Exploring multidimensional free energy landscapes using time-dependent biases on
collective variables. Journal of Chemical Theory and Computation 6, 35-47 (2009).

Mezei, M. Adaptive umbrella sampling: Self-consistent determination of the non-boltzmann bias. Journal of Computational Physics
68,237-248 (1987).

Bartels, C. & Karplus, M. Multidimensional adaptive umbrella sampling: Applications to main chain and side chain peptide
conformations. Journal of Computational Chemistry 18, 1450-1462 (1997).

Calero, C., Marti, ]., Guardia, E. & Masia, M. Characterization of the methane-graphene hydrophobic interaction in aqueous
solution from ab initio simulations. Journal of Chemical Theory and Computation 9, 5070-5075 (2013).

Trzesniak, D., Kunz, A.-P. E. & van Gunsteren, W. FE. A comparison of methods to compute the potential of mean force.
ChemPhysChem 8, 162-169 (2007).

Bussi, G., Gervasio, F. L., Laio, A. & Parrinello, M. Free-energy landscape for 3 hairpin folding from combined parallel tempering
and metadynamics. Journal of the American Chemical Society 128, 13435-13441 (2006).

Deighan, M., Bonomi, M. & Pfaendtner, J. Efficient simulation of explicitly solvated proteins in the well-tempered ensemble.
Journal of Chemical Theory and Computation 8,2189-2192 (2012).

Palmer, J. C., Car, R. & Debenedetti, P. G. The liquid-liquid transition in supercooled st2 water: a comparison between umbrella
sampling and well-tempered metadynamics. Faraday Discussions 167, 77-94 (2013).

Haldar, S. et al. Insights into stability and folding of gnra and uncg tetraloops revealed by microsecond molecular dynamics and
well-tempered metadynamics. Journal of Chemical Theory and Computation 11, 3866-3877 (2015).

Mart, J. Free-energy surfaces of ionic adsorption in cholesterol-free and cholesterol-rich phospholipid membranes. Molecular
Simulation 44, 1136-1146 (2018).

Ytreberg, E M., Swendsen, R. H. & Zuckerman, D. M. Comparison of free energy methods for molecular systems. The Journal of
Chemical Physics 125, 184114 (2006).

Huber, T., Torda, A. E. & Van Gunsteren, W. E. Local elevation: a method for improving the searching properties of molecular
dynamics simulation. Journal of Computer-aided Molecular Design 8, 695-708 (1994).

Grubmiiller, H. Predicting slow structural transitions in macromolecular systems: Conformational flooding. Physical Review E 52,
2893 (1995).

Laio, A. & Parrinello, M. Escaping free-energy minima. Proceedings of the National Academy of Sciences of the USA 99, 12562-12566
(2002).

Barducci, A., Bussi, G. & Parrinello, M. Well-tempered metadynamics: a smoothly converging and tunable free-energy method.
Physical Review Letters 100, 020603 (2008).

Bonomi, M. & Parrinello, M. Enhanced sampling in the well-tempered ensemble. Physical Review Letters 104, 190601 (2010).

Interface Science 146, 42-47 (2009).

Béckmann, R. A. & Grubmiiller, H. Multistep binding of divalent cations to phospholipid bilayers: a molecular dynamics study.
Angewandte Chemie International Edition 43, 1021-1024 (2004).

Yang, J., Calero, C., Bonomi, M. & Marti, J. Specific ion binding at phospholipid membrane surfaces. Journal of Chemical Theory
and Computation 11, 4495-4499 (2015).

Mart, J. & Lu, H. Molecular dynamics of di-palmitoyl-phosphatidyl-choline biomembranes in ionic solution: adsorption of the
precursor neurotransmitter tryptophan. Procedia computer science 108, 1242-1250 (2017).

Ensing, B., Laio, A., Parrinello, M. & Klein, M. L. A recipe for the computation of the free energy barrier and lowest free energy
path of concerted reactions. The Journal of Physical Chemistry B 109, 6676-6687 (2005).

Branduardi, D., Gervasio, F. L. & Parrinello, M. From a to b in free energy space. The Journal of Chemical Physics 126, 054103
(2007).

Chen, M. & Yang, W. On-the-path random walk sampling for efficient optimization of minimum free-energy path. Journal of
Computational Chemistry 30, 1649-1653 (2009).

Moradi, M., Enkavi, G. & Tajkhorshid, E. Atomic-level characterization of transport cycle thermodynamics in the glycerol-3-
phosphate: phosphate antiporter. Nature Communications 6, 8393 (2015).

Pechukas, P. Transition state theory. Annual Review of Physical Chemistry 32, 159-177 (1981).

Laidler, K. J. & King, M. C. Development of transition-state theory. The Journal of Physical Chemistry 87, 2657-2664 (1983).
Hung, W.-C., Lee, M.- T, Chen, E-Y. & Huang, H. W. The Condensing Effect of Cholesterol in Lipid Bilayers. Biophysical Journal
92, 3960-3967 (2007).

Armstrong, C. L. et al. Effect of Cholesterol on the Lateral Nanoscale Dynamics of Fluid Membranes. European Biophysical Journal
41,901-913 (2012).

Peters, J. et al. Thermodynamics of lipid multi-lamellar vesicles in presence of sterols at high hydrostatic pressure. Scientific Reports
7,15339 (2017).

Roux, B. Statistical mechanical equilibrium theory of selective ion channels. Biophysical journal 77, 139-153 (1999).

Turjanski, A. G., Rosenstein, R. E. & Estrin, D. A. Reactions of melatonin and related indoles with free radicals: a computational
study. Journal of Medicinal Chemistry 41, 3684-3689 (1998).

Turjanski, A. G., Senz, D. A., Doctorovich, E, Estrin, D. A. & Rosenstein, R. E. Nitrosation of melatonin by nitric oxide: a
computational study. Journal of Pineal Research 31, 97-101 (2001).

Turjanski, A. G. et al. Nmr and molecular dynamics studies of the interaction of melatonin with calmodulin. Protein Science 13,
2925-2938 (2004).

Florio, G. M., Christie, R. A., Jordan, K. D. & Zwier, T. S. Conformational preferences of jet-cooled melatonin: Probing trans-and
cis-amide regions of the potential energy surface. Journal of the American Chemical Society 124, 10236-10247 (2002).

Florio, G. M. & Zwier, T. S. Solvation of a flexible biomolecule in the gas phase: the ultraviolet and infrared spectroscopy of
melatonin- water clusters. The Journal of Physical Chemistry A 107, 974-983 (2003).

SCIENTIFIC REPORTS |

(2020) 10:9235 | https://doi.org/10.1038/s41598-020-65753-z


https://doi.org/10.1038/s41598-020-65753-z

www.nature.com/scientificreports/

Acknowledgements

Computational support provided by Bernd Ensing to obtain the minimum free energy paths is warmly
acknowledged. We also thank financial support provided by the Spanish Ministry of Science, Innovation and
Universities (project number PGC2018-099277-B-C21, funds MCIU/AEI/FEDER, UE). Huixia Lu is a Ph.D.
fellow from the Chinese Scholarship Council (grant 201607040059). Computational resources awarded by the
Barcelona Supercomputing Center-Spanish Supercomputing Network (grants FI-2018-2-0018 and FI-2018-3-
0023) are also acknowledged.

Author contributions

J.M. conceived and designed the work. ].M. performed data curation and analysis, funding acquisition and project
administration, investigation and supervision of the work and writing, editing and reviewing the manuscript.
H.L. performed preparation of software, conducting the simulations, data collection and analysis and writing,
editing and reviewing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-65753-z.

Correspondence and requests for materials should be addressed to J.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9235 | https://doi.org/10.1038/s41598-020-65753-z


https://doi.org/10.1038/s41598-020-65753-z
https://doi.org/10.1038/s41598-020-65753-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cellular absorption of small molecules: free energy landscapes of melatonin binding at phospholipid membranes

	Methods

	Results and Discussion

	2D Free energy landscapes. 
	1D free energy profiles. 

	Conclusions

	Acknowledgements

	Figure 1 Two structural configurations of MEL from the geometrical point of view: folded (left) and extended (right).
	Figure 2 2D free energy landscapes F(Ψ, z) (in kJ/mol) in the cholesterol-free case.
	Figure 3 2D free energy landscapes F(Ψ, z) (in kJ/mol) in the case of 30% cholesterol.
	Figure 4 2D free energy landscapes F(Ψ, z) (in kJ/mol) in the case of 50% cholesterol.
	Figure 5 Snapshots of representative bound states for MEL at the interface of the membrane.
	Figure 6 Integrated free energy F(z) for 0%, 30% and 50% cholesterol.
	Figure 7 Integrated free energy F (Ψ) for 0%, 30% and 50% cholesterol.




