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Abstract In this work, we report a molecular dynamics sim-
ulations study of protonated triptans, sumatriptan and
naratriptan, in a fully hydrated bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidyl-choline (POPC). The simu-
lations were carried out at two concentrations for each drug.
Our results show partition between the lipid head-water inter-
phase and water phase for both triptans, with increasing access
to the water phase with increasing concentrations. The triptans
were stabilized at the interphase through different specific
interactions with the POPC bilayer such as hydrogen bonds,
salt bridges, and cation-π. Besides, sumatriptan and
naratriptan protonated molecules have no access to the hydro-
phobic region of the bilayer at the studied conditions. Similar
results were found for both drugs, however protonated
naratriptan shows slightly higher affinity for the water phase.
This behavior was attributed to the bulky lateral amino group
in its structure under the studied conditions (drugs were orig-
inally placed at the water phase). This work represents a first
insight to the comprehensive understanding of triptan partition
in model membranes.
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Introduction

Migraine is a multifactorial syndrome characterized by head-
ache, nausea, vomiting, sensitivity to light, noise, and move-
ment [1]. In a general way, the neurovascular headache is
caused by neural events leading to vasodilatation, pain, and
increase of neuronal activation [2].

The association of the neurotransmitter serotonin (5-hy-
droxytryptamine, 5-HT) with migraine is due to several find-
ings such as sudden 5-HT release, as a trigger event and
increased urinary excretion of its main metabolite, during
attacks [3]. In this way, the development of anti-migraine
pharmacology was directed to the serotonin receptor subclass
5-HT-1B [4], located mostly in cranial vessels [5] and some
nerves [6].

The triptan prototype, sumatriptan (SMT), was designed
based on the 5-HT structure and represents a valuable tool to
understand the pathophysiology of migraine and 5-HT role
[6–8]. SMT was proposed as a vasoconstrictor agent on cra-
nial blood vessels [4, 6, 7, 9–13]. In addition, SMT blocks
neurogenic inflammation and nociception in the central ner-
vous system (CNS) [2, 4, 12, 14, 15]. SMT has selective
activity of some 5-HT1 and is essentially inactive on other
receptors [2, 4, 6, 9]. A new family of triptans was developed,
looking for improved SMT properties [16]. The triptans avail-
able show affinity for 5-HT receptor 1B, 1D and most of them
also for 1F [13]. In this context, naratriptan (NRT) has
emerged to treat patients who respond poorly to oral SMT
[17], seeking for greater metabolic stability and oral bioavail-
ability [18]. It is suggested that NRT is slightly more lipophilic
[19]. Besides, in comparison with SMT, NRT shows more
noticeable central action, lower absolute dose, slower onset of
action, lower recurrence rate and increased plasma half-life [8,
14, 19, 20].

The correlation between the triptan effectiveness and their
ability to cross blood–brain barrier (BBB) still unknown, in
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our knowledge. A good brain penetration can have somehow
contradictory effects: increase efficiency — action on central
receptors— and reduce safety [19]. In particular, most authors
proposed that SMT has peripheral action because it does not
easily pass BBB under normal circumstances [7]. Nevertheless,
BBB could be altered during migraine attacks [4, 7, 19, 21],
helping SMT penetration. Some central adverse effects ob-
served after SMT administration could be explained consider-
ing this alteration [6, 21]. Among the triptan family, NRT was
developed looking for access to CNS [19], allowing its preven-
tive use [8, 18]. However, experimentally measured brain pen-
etrability for NRTwas no higher than for SMT [18].

We have recently used molecular dynamics simulations to
study interactions between protonated sumatriptan and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC) bilayers [22]. The simulations were carried out as a
function of the sumatriptan concentration. This study shed
light on the main interactions responsible for the distribution
of the drug within the bilayer. In the present work, we extend
our study in order to compare the effects off two different
triptans — SMT and NRT — in their main interactions with
lipid bilayers at different concentrations. Since SMTand NRT
pKa values are 9.63 [23, 24] and 9.70 [25], respectively, the
prevalent ionization forms at relevant pH is the protonated
one. At physiological pH, considering Henderson-Hasselbach
equation, 99.3 % of SMT molecules are charged and 98.4 %
for NRT. In this way, we focus our attention on the protonated
form of these drugs. Nevertheless, the importance of the
neutral specie cannot completely be neglected and we will
address this point in the near future. Besides, model mem-
branes of POPC were chosen because phosphatidylcholine
lipid types are the most abundant among mammal endothelial
cell membranes [26]. POPC bilayers could be used as an
accurate system to study permeation of several molecules
and drugs, as a model of BBB [27].

In the next sections, we discuss the methodologies applied,
followed by the results and discussion.

Systems and simulation details

We have studied the protonated sumatriptan (pSMT) and
naratriptan (pNRT) interactions with a POPC phospholipid
bilayer through molecular dynamics simulations. The simula-
tions were performed using the NAMD2 program [28] within
the CHARMM force field [29]. The water molecules were
described by the TIP3P model [30]. The drug containing
bilayers were built using Packmol package [31].

In Fig. 1a and b we show the molecular structure of pSMT
and pNRT, respectively. Looking at these molecules, we can see
similarities and differences in their structures. Both drugs share
the indole skeleton bi-substituted in the same positions as sero-
tonin and other related molecules [32]. The substitution at the

five-membered ring is an aliphatic amino group protonated at
physiological and low pH: di-methyl-amino-ethyl group for
pSMT and methyl-piperidine for pNRT. The substitution at the
six-membered ring is a N-methyl sulfonamide group linked by
methylene in pSMT and by ethylene in pNRT. The parameteri-
zation for pNRT was based on the CHARMM force field and
quantum chemical calculations, as done for pSMT [22]. All
drugs were considered fully flexibles. The force constants were
chosen in analogy to similar molecules. The intra-molecular
bond lengths and angles on the equilibrium geometry were
optimized using the density functional theory (DFT) with the
B3LYP [33] functional and 6-311G** basis set. The partial
atomic charges were obtained from a single point HF/6-31G*
calculation, using theGaussian03Wpackage [34], and theMerz–
Singh–Kollman protocol [35]. Both, optimization and partial
charges calculations were performed using the polarized contin-
uum model (PCM) [36] with a solvent dielectric constant of 80,
corresponding to liquidwater at room conditions. In our previous
work [32], PCM method was needed in order to obtain the
zwitterionic charge separation of the tryptophan amino acid.
Here, in order to compare with this work, we have chosen the
same methodology.

All simulated systems studied here consist of a lipid bilayer
containing 150 POPC molecules (75 in each leaflet) fully
hydrated. We have carried out two series of simulations for
each of the drug, at two different drug:lipid ratio: 1:75 (low
concentration) and 1:3 (high concentration). The drugs were
initially placed in the water phase. The number of water
molecules on the simulation box was 4200 and 5000 for low
and high concentrations, respectively. In order to assure
electro neutrality we added chloride counter ions for each of
the protonated drugs.

Classical atomistic MDs were performed at the NPT condi-
tions. The temperature was maintained constant at 310 K, by
means of a Langevin thermostat by applying friction and random
force [28]. The Langevin thermostat was used without coupling
to hydrogens and with a damping coefficient of 1/ps. Besides,
pressure was maintained at 1 atm by using a Langevin barostat
[37, 38] with a piston period of 5 ps and a damping time of 5 ps.

Fig. 1 Structures of protonated drugs: a Sumatriptan (pSMT) and b
Naratriptan (pNRT)
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The simulation box was fully flexible. A multiple-time step
algorithm, RESPA [39], was used with the shortest time step of
2 fs. The short-range forces were computed using a cut-off of
10Å and the long-range forceswere taken into account bymeans
of the particle mesh Ewald (PME) technique [40]. Additionally,
periodic boundary conditions were considered. The simulations
were run up to 100 ns.

Simulation results

In this section, we discuss the main results of our study. For
the statistical analysis of most of the properties, we have just
considered the last 50 ns of the simulation trajectories.

The interfacial ordering of the systems was evaluated by
means the electron density profile (EDP) normal to the bilayer
(z coordinate); z=0Å corresponds to the membrane center. In
Fig. 2, we show the EDPs for low and high concentrations. The
POPCs bilayers are shown in black, water in blue and pSMT in
red and pNRT in green. pSMT and pNRT were magnified ten
times for low concentration cases, for visualization purposes. As
an overall picture, we can see from these figures that triptans
essentially show partition between the water phase and the lipid
head-water interphase, with no access to the hydrophobic tail
region for both drugs. Differences between pNRTand pSMTare
not evident. Comparison between drugs shows a higher access of
pNRT to the water phase. In this way we can see an imbalance
between leaflets for this molecule at low concentrations. It is
important to point out here, that drugs cross from one monolayer
to the other just through thewater phase. In order to illustrate that,
in Fig. 3a and b we show the center of mass drug's trajectories of

each pSMT and pNRT, respectively, over the last 50 ns of the
simulation runs. While in Fig. 2 the distributions are centered in
the middle of the lipid bilayer, in Fig. 3 z=0Å corresponds to the
center of the water phase (taking into account the periodic
boundary conditions). This condition could be compared against
multilamellar vesicle, since the amount of water was estimated
for a fully hydrated lipid bilayer [41]. We can see from these
figures that, in both cases, molecules have access to the water
phase and the crosses from one monolayer to the other happen
through the water phase (see black curves). Similar results are
obtained for the high concentrations cases.

Following our previous work [22], we have estimated the
percentage of the pNRT in water phase. The percentage of
pNRT was estimated as 25 % and 73 % for low and high
concentrations, respectively. These values are considerable
higher than the already reported 20 % and 63 % for pSMT
[22]. A rough estimation of the free energies of partition
between the water and membrane phase could be made
through the equation ΔΔGw–m=−KT ln (Cw/Cm) [42],
where Cw and Cm are the drug average concentrations at
the water and membrane phases, respectively. The calculated
values are 3.4±0.4 and 2.7±0.4 kJ mol-1 units for pSMT and
pNRTat low concentrations. At high concentrations we found
that the free energies change sign, (−1.4±0.3 kJ mol-1 pSMT
and−2.5±0.3 kJmol-1 pNRT) showing a higher affinity for the
water phase than for the interphase.

Furthermore, the effects of both triptans on the average area
per lipid are negligible. The main effects were found for the
pSMT case at high concentration where the area per lipid
slightly increased from 59.0 Å2 (plain bilayer and low con-
centrations) to 60.7 Å2.

Fig. 2 Electron density profile
(EDP) of the different systems.
Water densities and POPC are
depicted in blue and black,
respectively (pSMT systems in
full lines, pNRT systems in dotted
lines). pSMT and pNRT densities
are depicted in red and green,
respectively. Panel A corresponds
to low drug concentration (1:75)
and panel B to high concentration
(1:3). Drug densities in panel A
are magnified tenfold for easy
visualization. z=0 corresponds to
bilayer center
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In order to analyze the triptan effects on the bilayer polar-
ization, we computed the electrostatic potential across the
interphase by evaluating the double integral of the charge
density [43] for the POPC lipid bilayers. The charged profiles
were averaged over the twomonolayers. In Fig. 4 we show the
results for pNRT and pSMT at high concentration. There was
almost no effect of pNRT on the polarization effects of the
POPC lipid bilayer, when compared with the plain bilayer.
However, the presence of pSMT at high concentration causes
a noticeable increase on the POPC potential (~0.10 V) (data
not shown).

As we have discussed in previous works [22, 32] the main
interactions that stabilize indole related molecules are
cation–π, salt bridges, and hydrogen bond interactions.

The cation–π interaction is essentially driven by electrostatic
attraction between cations and the negative face of conjugated
rings [44]. Through this type of interaction, indolic molecules,
such as serotonin and precursors, adopt an interfacial location in
lipid bilayers [32]. In particular, aromatic compounds, such as
serotonin, SMT and NRT, are electrically characterized by its
quadrupolar moment and act like a π-donor interacting with the
choline (the positively charged amino group of POPC). The
radial distribution function, gc-π (r), between the pSMT and
pNRT centroid of the benzene ring of indole and charged nitro-
gen (N) atom of choline in POPC could be used as an estimation
of the distance condition for this kind of interaction [45]. In Fig. 5
we show the calculated gc-π (r) functions for both triptans at low
(dashed lines) and high (solid lines) concentrations.We can see a

Fig. 3 Water centered trajectories
along the z axes of the center of
mass of triptans at low drug
concentration (1:75). The
separated residues of both drugs
are depicted in black and red for
easy visualization. Panel A
corresponds to pSMTand panel B
to pNRT

Fig. 4 Overlapping of POPC electrostatic potentials for high drug con-
centration (1:3). pSMT and pNRT are depicted in red and green, respec-
tively. z=0 corresponds to bilayer center

Fig. 5 Radial distribution function between the benzene centroid of
triptan and charged choline group of POPC. pSMT and pNRT are
depicted in red and green, respectively. Dotted lines correspond to low
drug concentration (1:75) and full lines to high concentration (1:3)
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well-defined peak at ~4.0 Å for the four cases. The behavior is
quite similar between triptans as a function of the concentration.
In particular, we can see that the first peak drops in intensity at
high concentrations due to increased partition at the water phase.
This effect is more pronounced for pNRT.

The number of HB established by a selected pair was
determined by averaging over the simulation run time and
the number of pairs that satisfy the geometric criteria —
distance between the acceptor, and a hydrogen atom should
be shorter than or equal to 2.0 Å and the angle between donor-
hydrogen-acceptor should be smaller than 30°. Since POPC
can act just as an acceptor through the non-ester oxygen atoms
of phosphate (Op) and carbonyl (Oc) groups—oxygen atoms
that are just bonded to one heteroatom—we calculated the
number of HB between them and the three donor groups
(lateral amino, NH indole, and NH sulfonamide) for both
triptans. Since HB formation with the POPCs Oc is consider-
ably low for all the considered concentrations, as follows, we
will discuss the different HB interactions with the POPCs Op.
In Table 1, we show the average number of HB between NH
groups the triptans and Op (POPC). In order to facilitate the
comparison we show the estimated number of HB per mole-
cule at the interphase.

NH sulfonamide As we can see from the table, the number of
HB at the interphase increases with concentration for both
triptans (49 % and 25 % for pSMT and pNRT, respectively).
Furthermore, pNRT more strongly interacts with Op through
the sulfonamide group than pSMT. It is important to point out
here that the sulfonamide's pNRT has an extra methylene
group linked to the indole ring that increases its flexibility
with respect to pSMT.

NH indole The interaction between these groups was found to
oppositely affect the triptans. While for pNRT the number of
HB per molecule at the interphase was considerably reduced
(from 0.6 to 0.3) when the concentration increased, for pSMT
it was increased from 0.3 to 0.4. Furthermore, comparing both
triptans at the same concentrations we found that this interac-
tion is stronger for pNRT at low concentrations and it is
inverted at high concentrations.

Lateral amino The stronger interaction with this group was
found for the pSMT at low concentration (0.7HB). Even if

pNRT forms essentially half of the hydrogen bonds at low
concentration, both drugs show similar behavior at high con-
centrations (~0.4HB per molecule at the interphase). We
found somehow a complementary result than the one found
for the NH indole ring.

In addition, we have investigated the salt bridge (SB)
interaction between the drugs and the bilayer. SB is a non-
covalent electrostatic interaction established between oppo-
sitely charged pairs [46–48]. The SBs between N atom of
lateral amino group (pSMT, pNRT) and P atom of phosphate
group (POPC) were investigated through the radial distribu-
tion function, gSB (r), analysis. In Fig. 6 we show the gSB (r)
for the studied conditions. In this figure we observe two well
defined peaks at ~4.0 Å and ~4.7 Å for pSMT and at ~3.8 Å
and ~5.3 Å for pNRT, as evidence of the SB formation. The
first peak was slowly shifted (~0.2 Å) for both concentrations.
Besides, the peaks at 4.7 Å and 5.3 Å were also shifted. These
effects were essentially due to different steric effects caused by
different groups substituting the charged amino group in both
drugs: the methyl and ethyl groups in pSMT and the methyl
and aliphatic ring groups in pNRT. Effects such as chemical
environment and steric features contribute to the strength of
the interaction. Comparing both molecules, pSMT shows
more enhanced SB interaction than pNRT as concentration
rises, in agreement with HB interactions (Table 1).

The differences in peak intensities between pSMT and
pNRTcould be attributed to different localization in the bilay-
er. In this way, we have analyzed density distribution of
different triptan groups. As we already discussed, the triptans
at the higher concentration, are distributed between water and
interphase. Most of the groups are superposed at the same
region, showing in average no preferential orientation.
However, as we can see in Fig. 7, where the EDPs of the
amino lateral groups are shown, we can see a noticeable
difference between drugs. For pNRT, the lateral NH group
has less access to the interphase than for pSMT, affecting
interactions with POPC head groups as SB. Keeping in mind
that triptans were originally placed in the water phase, the
entrance of pNRT seems to be more hindered by the bulky
aliphatic ring.

In order to summarize this work in a visual way, we show
in Fig. 8 a snapshot of the bilayer containing the drugs (NRTat
high concentrations), along with zoom illustrating two of their
main interactions: cation-π and salt bridge.

Table 1 Number of hydrogen
bond (HB) interactions performed
per residue in interphase between
different amino groups of triptans
and oxygen atoms of POPC
phosphate group. Statistical errors
are shown in brackets

Drug:POPC ratio Drug Lateral (NHlat) Indole (NHind) Sulfonamide (NHsulf)

mean (error) mean (error) mean (error)

Low (1:75) pSMT 0.769(3) 0.314(3) 0.285(2)

pNRT 0.339(2) 0.615(3) 0.485(3)

High (1:3) pSMT 0.463(1) 0.430(1) 0.426(1)

pNRT 0.415(1) 0.328(1) 0.605(1)
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Conclusions

MD simulations were performed in order to compare the
effects of two protonated triptans (anti-migraine drugs), in
their interaction with model membranes at different concen-
trations. Even though sumatriptan and naratriptan belong to
the same family, and share some structural characteristics,
they show different pharmacokinetic properties.

Our results show that pSMT and pNRT do not access the
hydrophobic membrane region and interact essentially with
lipid head groups and access to the water phase. The limita-
tions of both triptans to cross membranes are essentially
related to the presence of charged and anchoring groups
interacting with water and head groups.

The same interfacial location of pSMT and pNRT came
from their indole ring, as 5-HT: they are able to interact in a

Fig. 6 Radial distribution function between the charged lateral amino
group of triptan and the phosphate group of POPC. pSMT and pNRT are
depicted in red and green, respectively. Dotted lines correspond to low
drug concentration (1:75) and full lines to high concentration (1:3)

Fig. 7 Detailed electron density profile (EDP) of triptans lateral amino
group at high drug concentration (1:3). pSMT and pNRT are depicted in
red and green, respectively. z=0 corresponds to bilayer center

Fig. 8 a Snapshot of the bilayer containing pNRT, at high concentration:
POPC lipids are shown in light brown (N and P atoms represented by
violet and orange spheres, respectively) and pNRT in green. Water
molecules were removed for visualization purposes. Besides, two pairs
of lipids-pNRTwere highlighted in blue and red respectively. A zoom of
each of these pairs is shown, in order to exemplify a b salt bridge (in red)
and a c cation-π (in blue) type of interactions. The figures were done
using VMD 1.8.7 software package [50]
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similar way with lipid bilayers. The main specific interactions
between pSMT or pNRT and lipid head groups are cation-π,
salt bridges, and hydrogen bonds. These interactions depend
both on drug and on concentration.

For instance, salt bridges formation between the lateral
amino groups of the drugs and the POPCs phosphate is more
pronounced for pSMT than for pNRT. This finding leads us to
look more carefully to the distribution of the lateral amino
groups. We found a noticeable difference between drugs. For
naratriptan, this distribution is shifted to the water phase with
respect to the sumatriptan, essentially for being a bulky ali-
phatic ring that precludes it to enter easily into the interphase.
Besides preliminary results, where naratriptan was originally
placed at the bilayer center (at the same concentrations), show
higher drug partition on the membrane phase. However, su-
matriptan distribution does not depend on initial conditions.
Furthermore, both drugs have the same number of hydrogen
bond donor (and acceptor) groups. They essentially differ in
the flexibility of the sulfonamide group and the steric effects
of the lateral amino group. We would like to summarize here
that hydrogen bonds essentially form between the three amino
groups of the drugs with the phosphate oxygens of POPCs for
both triptans. Furthermore, even if the intensity of each con-
tribution varies both with drug and concentration, the total
interaction numbers per molecule at the interphase are similar.

It is reported in the literature a higher lipophilicity of
naratriptan with respect to sumatriptan [17, 19]. However,
the partition coefficient values are not significantly different
between them [18, 49]. At the conditions studied here, the
results show very similar partition between drugs, with a slight
preference of sumatriptan for membrane phase. This study
was a first step in trying to understand the partition of both
triptans in model membranes. We obtained interesting results,
as we already described. Nevertheless, many questions on the
subject remain open. Further analysis should be done in order
to obtain a more comprehensive view, such as ionization
effects and initial conditions.
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