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Abstract In order to understand the interaction between
naratriptan and a fully hydrated bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidyl-choline (POPC), we carried
out molecular dynamics simulations. The simulations were
performed considering neutral and protonated ionization
states, starting from different initial conditions. At physiolog-
ical pH, the protonated state of naratriptan is predominant. It is
expected that neutral compounds could have larger membrane
partition than charged compounds. However, for the specific
case of triptans, it is difficult to study neutral species in mem-
branes experimentally, making computer simulations an inter-
esting tool. When the naratriptan molecules were originally
placed in water, they partitioned between the bilayer/water
interface and water phase, as has been described for similar
compounds. From this condition, the drugs displayed low ac-
cess to the hydrophobic environment, with no significant ef-
fects on bilayer organization. The molecules anchored in the
interface, due mainly to the barrier function of the polar and
oriented lipid heads. On the other hand, when placed inside
the bilayer, both neutral and protonated naratriptan showed
self-aggregation in the lipid tail environment. In particular,
the protonated species exhibited a pore-like structure, drag-
ging water through this environment.
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Introduction

Triptans are anti-migrane drugs designed as selective seroto-
nin receptor agonists [1]. In particular, naratriptan (NRT) was
designed to improve the pharmacokinetic properties of the
triptan prototype sumatriptan (SMT) [2]. Compared with
SMT, higher oral bioavailability and metabolic stability of
NRT could be attributed to the N-methyl-piperidine substitu-
ent added to the structure (see Fig. 1) [1, 3]. Being slightly
more lipophilic than SMT, it was expected that NRT could
have better accessibility to the central nervous system [3, 4].

At physiological pH, the prevalent ionization form of NRT
is the protonated form (pNRT, pKa 9.70) [7]. Nevertheless, the
neutral species exhibits a higher n-octanol/water partition co-
efficient than the protonated species [8]. Thus, it could be
relevant to explore neutral NRT (nNRT) behavior in mem-
branes [9–11]. Furthermore, the partition coefficient obtained
in n-octanol/water and membranes may differ [8, 12, 13].
Experimental approaches to studying neutral triptan/
membrane interactions are difficult due to the instability of
membranes at basic pH (pH ∼11–12) [11, 14, 15]. Thus, com-
puter simulations became the perfect tools to access such
information.

In a previous work, we studied the interaction of protonated
triptans with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dyl-choline (POPC) lipid bilayers by means of molecular dy-
namics (MD) simulations [5, 6]. We found that SMTand NRT
do not have access to the hydrophobic membrane region when
first placed in water. Also, they interact strongly with lipid
head groups. Thereby, they face a limitation to crossing the
bilayer-water interface and accessing the hydrophobic tails
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region. This behavior is due essentially to the drug molecules
being anchored at the interface through specific interactions
and the presence of net charge.

Previously, we focused our attention on the effects of pro-
tonated SMT and NRT on model membranes for drugs origi-
nally placed in aqueous phase [6]. In the present work, we
extended our interest to study of the effects of ionization state
and initial conditions on these interactions. We considered both
pNRT and nNRT species [15, 16]. We set up both species in
different regions with regard to the bilayer and placed them in
water and inside the bilayer core. This latter situation is a broad-
ly used initial condition [17–22] that, even if artificial, can
provide important physical information on drug interactions
with lipid structures, offering different insights into aggregation
environment-dependent processes [21, 23], dynamic effects,
and orientation [18, 22]. Our studies of NRT in model mem-
branes were carried out at a high drug:lipid ratio (1:3) to en-
hance potential cooperative effects in the partition [10, 13, 21,
23–28]. Considering high drug concentrations, it would be
possible to increase sampling and the effects on the membrane
[21, 26, 27]. In the following sections, we discuss our applied
methodology, followed by the results and discussion.

Methods

The simulated model membrane was a POPC bilayer. Each
bilayer contains 150 POPC molecules (75 in each leaflet) fully
hydrated with 5000 water molecules. We performed two differ-
ent simulations for each naratriptan ionization state, at a 1:3
drug:lipid ratio. The drug molecules were initially placed in
two different initial conditions: (1) water phase or (2) lipid
bilayer core (denoted as -W and -C, respectively). Several

reports in the literature state that drugs initially placed inside
the bilayer usually need a few nanoseconds to reach their pre-
ferred location [19, 20, 29]. The initial coordinates were built
up using the Packmol package [30]. The simulations were per-
formed using the NAMD2 program [31] within the
CHARMM27 force field [32]. The TIP3Pmodel [33] was used
for water molecules. NRT was considered as a fully flexible
molecule. As was done for protonated SMT [5], NRT param-
eters were based on the CHARMM force field (force constants
were chosen in analogy to similar molecules). In addition, the
intra-molecular bond lengths and angles were obtained from
density functional theory (DFT) with the B3LYP [34] function-
al and the 6-311G** basis set of equilibrium geometry. The
partial atomic charges were calculated through a single point
HF/6-31G* calculation, using the Gaussian03W package [35],
and the Merz-Singh-Kollman protocol [36]. Both optimization
and partial charge calculations used the polarized continuum
model (PCM) [37] with a solvent dielectric constant of 80,
corresponding to liquid water at room conditions. The PCM
method needed to be consistent with our previous works [5, 6,
38]. The topologies and parameters for both nNRT and pNRT
are supplied as additional material.

Classical MD simulations at the atomic level were per-
formed within the NPT ensemble. The simulated box was
fully flexible. The temperature was kept constant at 310 K,
by means of a Langevin thermostat, applying friction and
random force [31]. The Langevin thermostat was used without
coupling to hydrogens and with a damping coefficient of 1/ps.
In addition, pressure was maintained at 1 atm by using a
Langevin barostat [39, 40] with a piston period of 5 ps and a
damping time of 5 ps. A multiple-time step algorithm, RESPA
[41], was used, with a shortest time step of 2 fs. The short-
range forces were computed using a cut-off of 10 Å, and the
long-range forces were taken into account by means of the
particle mesh Ewald (PME) technique [42]. Additionally, pe-
riodic boundary conditions (PBC) were considered. The sim-
ulations were run up to 150 ns.

Results and discussion

Here, we discuss the results for the last 100 ns of simulation of
nNRTand pNRT in POPC bilayers, starting from two different
initial conditions. We analyze the main effects of the NRTs on
the organization and physical properties of POPC, as well as
the specific interactions between the different molecules of the
systems.

Simulation boxes

In order to illustrate the behavior of a hydrated POPC bilayer
in the presence of NRT, we calculated some system box prop-
erties. The area per lipid, Alip, is defined as the length of the

Fig. 1 Structure of N-methyl-3-(1-methyl-4-piperidinyl)-1H-indol-5-
ethanesulfonamide (naratriptan, NRT) in both a neutral (nNRT) and b
charged (pNRT) forms, differing in ionization state at the piperidinyl
amino group
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simulation box in the x dimension multiplied by the box
length in the y dimension, divided by the number of lipids
per monolayer. Table 1 presents the average for all the studied
cases. For comparison purposes, we also included the results
of a plain POPC lipid bilayer. From the -C condition, we can
see notable changes toAlip for neutral (∼12 Å2) and protonated
(∼6 Å2) species. Yet, this property was not appreciably affect-
ed when naratriptan was initially placed in water (-W condi-
tion). Additionally, a concomitant z-box dimension, decreas-
ing for -C cases, led to slight changes in box volume (Table 1).

The distribution of the system components was evaluated
by looking at the electron density profile (EDP) normal to the
bilayer (z coordinate). z = 0 Å corresponds to the bilayer cen-
ter. Figure 2 compares the EDP for the different initial condi-
tions for each of the NRT ionization states (in panels A and B,
pNRTand nNRT, respectively). The POPC bilayers are shown
in black, water in blue, pNRT in red and nNRT in green. It is
important to mention that the POPC profiles between plain
case and both NRT-W bilayers overlap .

The distribution depends strongly on the initial conditions
for both drug ionization states. When naratriptan was initially
placed in water, the drug partitioned between the water and the
lipid head/water interface. From this condition, nNRT
displayed a lower affinity for the interface than pNRT, with
some access to the hydrophobic core. In contrast, from the -C
condition, nNRT showed a bimodal distribution inside the
core, with little access to the interface, while pNRT was dis-
tributed along the whole bilayer. In addition, a notable amount
of water was found inside the bilayer, especially for the pNRT-
C case. The presence of the drug in the hydrophobic core
could be responsible for dragging water to this region.

To test lipid hydration by means of EDP integration, we
estimated the number of water molecules up to the z value
corresponding to 90 % of the bulk water. This number, denot-
ed as NWTI, represents the number of water molecules
interacting directly with the bilayer. Additionally, in the pres-
ence of the drugs, water molecules can be found inside the
bilayer core [43–45]. To determine the amount of water in the
core, NWC, the density was integrated into the range −10 to

10 Å. These numbers are shown in Table 2. We can see that,
from -C, the drug molecules, especially pNRT, have dragged
quantitatively more water to the core. Also, the hydration
number, i.e., the number of water molecules in the interface
per lipid,NWL = (NWTI−NWC)/Nlip, is is also shown in Table 2.

As an outstanding feature of system hydration, we can see a
decrease in NW for nNRT-W with respect to the plain bilayer
(∼2 molecules), due to the presence of the drug replacing
water and maintaining the same ALip. At the other extreme,
the NRT-C effects were somehow similar between ionization
states. Both pNRT and nNRT increased lipid hydration mark-
edly (∼4 molecules). This result is consistent with the expect-
ed enhancement of the polar head hydration with an increase
of the area per lipid. As a general trend, pNRT—from both
initial conditions—have the same hydration (some water mol-
ecules but not all were replaced by drugs).

In order to understand the effects of the different degrees of
hydration on water polarization, we calculated the water elec-
trostatic potential [46]. The results are shown in Fig. 3. For all

Fig. 2a,b Electron density profiles (EDP) of the studied systems.
Densities: Black 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline (POPC), blue water, red triptan pNRT, green triptan nNRT.
EDPs from -W (solid lines) and -C (dotted lines) conditions are shown.
z = 0 Å corresponds to the bilayer center. a pNRT, b nNRT

Table 1 Properties of simulation boxes and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidyl-choline (POPC) bilayers. pNRT Protonated
naratriptan, nNRT neutral naratriptan, -C in lipid bilayer core condition,
-W in water condition

Alip (Å
2) (error) zbox dimension

(Å) (error)
V (Å3)

POPC pura 59.04 (1) 70.60 (1)a –a

pNRT-W 59.19 (1) 81.20 (1) 360,493

pNRT-C 65.94 (1) 72.92 (1) 360,650

nNRT-W 59.01 (1) 81.30 (1) 359,823

nNRT-C 70.89 (1) 67.72 (1) 360,065

aWater number in this case is lower

Table 2 Hydration of the studied systems. NWTI Number of water
molecules interacting directly with the bilayer, NWC amount of water in
the core, NWLnumber of water molecules in the interface per lipid

System Total water
molecules (W)

NWTI NWC NWL (error)

Plain POPC 4200 1498 0.5 10.0 (1)

pNRT-W 5000 1716 0.7 11.4 (1)

pNRT-C 5000 2184 108.9 13.8 (4)

nNRT-W 5000 1251 0.8 8.3 (1)

nNRT-C 5000 2057 20.5 13.6 (4)
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cases, we observed water depolarization in the presence of
NRT in comparison to plain POPC. In particular, we observed
stronger depolarization for pNRT, especially from the -C con-
dition. Also, pNRT showed a sign change on the potential
profile near the interface (∼ −25 and 25 Å), probably due to
water re-orientation in this region. The bulge observed in the
middle of pNRT-C profile could be attributed to the presence
of water inside the bilayer. On the other hand, shape effects
were also observed for nNRT-C, which exhibited a flatter
potential. For nNRT-W, we observed just a mild depolariza-
tion. In this case, the number of water molecules per lipid, and
the orientation of water molecules, seemed different from
those of plain POPC, as discussed above.

Order parameter

The effects of the drug on the organization of POPC lipid tails
can be studied by calculating the lipid order parameter, −SCD,
of each of the n carbons of both acyl chains (time averaged)
[47]. The order parameter is related to chain trans-gauche
isomerization [48]. The order parameter can be determined
experimentally through 2H-NMR on deuterated lipid samples

[47]. In Fig. 4, we show the −SCD for both POPC acyl chains
(palmitoyl, 16:0; oleoyl, 18:1, separately) for all systems un-
der study. As a reference, we show −SCD of the plain POPC
bilayer (in black squares), which is in good agreement report-
ed results [48]. The order parameters in the presence of pNRT
and nNRT are depicted in red and green, respectively (-W
condition in diamonds, and -C condition in asterisks). The
lines connecting symbols are for visualization purposes only.

Again, the effects of NRT-W on the POPC bilayer were
small: NRT slightly organized both acyl chains, independent
of ionization state. This result was in agreement with the low
effects displayed on structural bilayer properties such as Alip.
Different results were found when starting from a -C condi-
tion: we observed lipid tail disorganization, together with lat-
eral expansion, and consequent low pack densities.
Additionally, this effect was emphasized in different regions:
upper carbons (up to 9) and lower carbons (from 9 to 10) were
more affected by pNRT and nNRT, respectively, due to the
drugs’ localization within the bilayer. In addition, the water
dragged to the tail carbons increased lipid hydration and flu-
idity, and decreased tail order. Tail organization results from a
fine balance between different factors, including lateral expan-
sion, lipid packing, hydration, and drug localization.

Lipid head-groups organization

To understand how the headgroups were affected by NRT, we
focused our attention on the organization of the nitrogen (N)
and phosphorus (P) atoms of POPC: we calculated EDP of
both atoms. Figure 5 shows P EDPs of only one of the mono-
layers (because of the symmetry). The densities of N followed
the same trend as P (results not shown). We found subtle
differences in the z position of the maxima and the EDP
shapes of P peaks for the different studied cases. Again, we
observed density overlaps for pNRT-W and nNRT-W with
plain POPC. However, pNRT-C and nNRT-C showed broader
densities. In particular, the main feature of this analysis was
found for pNRT-C. The P peak was broader and more asym-
metric than expected, reaching the center of the POPC bilayer.

Fig. 4 POPC order parameters
for all studied systems. Black
squares Plain POPC, red
diamonds pNRT-W, red circles
pNRT-C, green diamonds nNRT-
W, green circles nNRT-C. The
lines connecting points are for
visualization purposes only

Fig. 3 Electrostatic potential of water for all studied systems: black plain
POPC, red pNRT, green nNRT. Conditions: solid lines -W, dotted lines -
C. z = 0 Å corresponds to the bilayer center
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Drugs in the bilayer core

As we have mentioned, membrane properties were particular-
ly affected by NRT from -C conditions due to the presence of
drug molecules in the hydrophobic environment during the
whole simulation. Yet, the bilayer expansion was accompa-
nied only by mild lipid tail disorganization (Fig. 4). It is im-
portant to find out how these amphiphilic drugs manage to
stay in the interior of the bilayer. A closer inspection of NRT
arrangements in the lipid environment was needed to under-
stand this behavior.

The nNRT molecules were distributed between lipid tails
and the interface, despite the small volume available in both
regions. We took snapshots of nNRT in the bilayer system
during the 150 ns simulation run. In Fig. 6, we show a snap-
shot of the final configuration along the z-axis, and the corre-
sponding x–y top view. As we can observe, nNRT molecules
were aggregated in the POPC bilayer, minimizing contact

with hydrophobic tails. From an x–y snapshot, we can see that
the nNRT aggregated, generating holes in the POPC bilayer.

A particular behavior was observed for pNRT-C. Figure 7
shows snapshots of pNRT at the end of the simulation. The
pNRT molecules displayed a high degree of aggregation, es-
pecially in the interior of the bilayer. Furthermore, a consider-
able number of water molecules gained access to the hydro-
phobic region of the bilayer. Besides, some polar heads of
POPC can be found in the bilayer core (see discussion of
Fig. 5). The configuration adopted by pNRT in this condition
resembled a pore-like structure. Additionally, water molecules
associated with pNRT were observed. It is important to point
out that different results were found for protonated sumatrip-
tan (pSMT), from the same initial condition, despite the sim-
ilarity in molecular structure (see Fig. 7). pSMT-C displayed
no aggregation in the lipid core environment, and partitioned
rapidly between the water phase and the lipid/water interface,
showing behavior similar to that of pSMT-W [5].

The stability of the pore-like structure should be further
investigated. We extended our simulation for 50 ns longer
and it remained stable with the same number of NRT and
water molecules. This could be an important factor in eluci-
dating the physical, chemical and biological implications of
this phenomenon, for example, its usefulness in building
liposome-based drug delivery systems.

Detailed density profiles

At this point, we analyzed drug orientations within the bilayer
for each case. From the detailed analysis of the EDP of differ-
ent NRT groups, we observed that, on average, most groups of
pNRT overlapped within the bilayer, showing no preferential
orientation [6]. However, we observed some particular behav-
iors for nNRT from both -W and -C conditions. Figure 8 de-
picts the distributions of lateral amino, pyrrole ring, benzene
ring and sulfonamide groups [6, 38], for nNRT-Wand nNRT-
C. For example, from the -W condition, most drug molecules
did not show preferential orientation in the water phase, but a
low percentage was oriented at the interface. In particular, the
lateral amino group was facing towards the hydrophobic

Fig. 6 a Lateral (z axis) and b top
(x–y plane) views of the final
configuration of nNRT-C system.
a Violet nNRT, cyan water, red
POPC P head-groups, blue POPC
N head-groups. b Purple POPC in
periodic boundary conditions

Fig. 5 Electron density profile (EDP) of the P atom (POPC head-group)
for all studied systems. Black Plain POPC, red pNRT, green nNRT.
Conditions: solid lines -W, dotted lines -C. z = 0 Å corresponds to the
bilayer center
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interior, showing access to the hydrophobic tails and
displaying the well known bimodal distribution. In compari-
son with pNRT (amino lateral group bearing net charge),
nNRT seemed to avoid the interface. On the other hand, from
the -C condition, the sulfonamide group showed an unexpect-
ed behavior. This group was more exposed to the bulk water
phase. As a general observation, due to the lack of charge in
the nNRT amino lateral group, the sulfonamide substituent is
the most polar region of the naratriptan structure.

The interface, as a polar and oriented barrier, prevented a
considerable insertion of nNRT to the hydrophobic environ-
ment (-W condition) [6], and precluded the exit of molecules
from the core to the water phase (-C condition).

Specific interactions

In most of the studied cases, indolic compounds were found at
the lipid/water interface. The main interactions that stabilize
such molecules in model membranes are cation–π, salt bridges,
and hydrogen bonds (HB) [6, 38]. In the specific case of neutral
triptans, the salt bridge interaction cannot be considered due to

the lack of net charge. Next, we analyzed the cation-π and HB
interactions between NRT and lipid head-groups.

NRT is an aromatic compound that behaves as a π-donor,
interacting with the positively charged choline group of
POPC. We calculated the radial distribution function between
the NRT centroid of the benzene ring and a charged nitrogen
atom of choline (results not shown). We observed a well-
defined peak at ∼4.0 Å for the four systems [6, 38].

We calculated the number of HB established by different
donor–acceptor pairs that meet HB geometric criteria [5], av-
eraging over the simulation time and the number of drug mol-
ecules. The selected pairs were oxygen atoms of the phosphate
(Op) and carbonyl (Oc) groups, for POPC, and the three ami-
no groups (lateral, indole and sulfonamide NH) for NRT.
nNRT bears just two HB donor groups because of the lack
of net charge: indolic NH and sulfonamide NH. In Fig. 9, we
show the average number of HBs between NRT NH groups
with POPC Op and Oc. We also show the number of HB
expressed per molecule at the interface. As we can see from
this figure, for pNRT-C and pNRT-W, the number of HB with
Op (HBOp) was higher than with Oc (HBOc). This trend is in
good agreement with the presence of a net charge in pNRT,
which is responsible for strong and specific interactions at the
interface, anchoring the drug molecules found in this region.
Except for nNRT-C, the HBOc were lower compared to
HBOp. The carbonyl oxygen atoms are found more deeply
in the bilayer so that only drugs that access this region would
be able to interact with this specific group. This explains why,
in the -C condition, a greater number of HBOc were observed.
Specifically, nNRT-C interacted more with Oc than with Op.

Regarding each amino group, NH indole showed the
greatest ability of all the systems to interact with Oc [38,
49]. However, the HBOp were distributed evenly between all
the amino groups, with NH sulfonamide (or NH lateral for
pNRT-C) being most favored.

On the other hand, NRT bears both HB donor and acceptor
groups, and is thus able to form HBs with water (HBw). As a
general trend, the HBw for all systems grew from lateral

Fig. 8 Detailed EDP of nNRT systems. Black Lateral amino group, blue
pyrrole, green benzene, red sulfonamide. Conditions: solid lines -
W,dotted lines -C. z = 0 Å corresponds to the bilayer center

Fig. 7 Final configuration of a
pNRT-C and b protonated
sumatriptan (pSMT)-C systems.
Grey Water, red POPC P head-
groups, blue POPC N head-
groups, green pNRT, orange
pSMT
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amino < NH indole < NH sulfonamide < SO2 sulfonamide. In
nNRT molecules, the sulfonamide group was the most abun-
dant in the polar region, as found for its greater contact with
water and other polar groups.

Conclusions

We performedMD simulations in order to compare the effects
of ionization state and initial conditions on the behavior of
NRT in model membranes. Our results show that, when
NRT molecules were initially placed in a water environment,
they partitioned between water and bilayer, with little or no
access to the hydrophobic region for neutral and protonated
forms, respectively. From this condition, NRT molecules
interacted mostly with water and secondly with POPC polar
headgroups.

The limitations of both ionization forms to diffuse lipid
membranes were related, but not limited, to the presence of
substituent interactions with polar groups. In addition, it is
important to mention the difficulty of passing through a region
of high density and low mobility like the interface [15, 16, 24,
50]. Particularly, the piperidinic ring of NRT precluded the
whole molecule remaining at the interface due to steric effects,
driving it to the water environment (pNRT) [6] or to a deeper
region (nNRT).

However, when NRTwas initially placed at the hydropho-
bic core, its partition and solvation depended considerably on
the ionization state. The steric effect of the piperidinic ring
precluded migration of nNRT to the water phase. For proton-
ated naratriptan, a balance between the steric effect and the
presence of a net charge led the drug molecule to be distrib-
uted throughout the whole system.

When the molecules were initially placed in the bilayer
core, the membrane properties were considerably affected.
Both pNRT and nNRT modified the lipid area, box

dimensions, order parameter and lipid hydration. The effects
on the lipid area were more pronounced in the case of nNRT,
something that could be attributed to the presence of drug
aggregates inside the bilayer, which perturbates the lipid or-
ganization considerably. Meanwhile, starting from the same
condition, pNRT altered membrane properties also by drug
aggregation and the amount of water dragged to the core en-
vironment (due to the presence of a charge).

In summary, HBs formed essentially between indole and
sulfonamide groups of NRT, with the phosphate and carbonyl
oxygens of POPC. The protonated form showed a high affin-
ity for phosphate groups. While the intensity of each contri-
bution varied both with the drug and the initial condition, the
total number of interactions per molecule at the interface (with
POPC) was greater from the core initial condition.

Under the conditions studied here, the results show that a
NRT partition depended on ionization forms, and even more
on initial conditions. NRT showed a limited ability to bypass
the highly ordered bilayer-water interfacial barrier, due mainly
to the steric effect introduced by the bulky aliphatic
piperidinic ring. This work sheds additional light on the con-
ditions governing NRT partition. The results discussed here
allowed a more detailed analysis than that of previous works
[5, 6], introducing ionization effects and local environment
considerations. In comparison with the triptan prototype su-
matriptan, NRT displayed different behavior, especially in the
hydrophobic environment, showing greater ability to aggre-
gate. The pore formation found is a very interesting feature.
More studies should be done in order to elucidate its stability
and biological implications.
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Fig. 9a,b Average number of hydrogen bonds (HB) per NRTmolecule in interface with POPC. aOxygen atoms of the phosphate group (Op), bOxygen
atoms of the carbonyl group (Oc). NRT groups: red lateral amino, green indole NH, blue sulfonamide NH, black total
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