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ARTICLE INFO ABSTRACT

Keywords: The goal of this work is to obtain a complete map on the interactions between sumatriptan, an amphiphilic
Sumatriptan ionizable anti-migraine drug, with lipid bilayers. To this end, we combined two physico-chemical techniques —
Nuclear magnetic resonance nuclear magnetic resonance and molecular dynamics simulations — to obtain a detailed picture at different pH
Membranes ) values. Both approaches were used considering the strength and constraints of each one. NMR experiments were
gszzﬁ:s dynamics performed at pH 7.4 where at least 95% of the drug molecules are in their protonated state. From NMR, su-

matriptan shows partition on the interfacial region of model membranes (near the head groups and intercalating
between adjacent lipids), inducing changes in chemical environment and affecting lipid dynamics of liposomes,
in a dose dependent manner. Due to the experimental instability of lipid bilayers at high pH, we took advantage
of the molecular dynamics power to emulate different pH values, to simulate sumatriptan in bilayers including at
fully uncharged state. Simulations show that the neutral species have preferential orientation within the bilayer
interface while the distribution of protonated drugs is independent on the initial conditions. In summary, several
properties depicted the interfacial partition of the anti-migraine drug at the water-lipid interface at different
conditions. Both techniques were found complementary to shed light on the structural and dynamics of suma-
triptan-lipid bilayer interactions.

1. Introduction

Triptans are synthetic drugs used for migraine treatment (Negro
et al., 2018). They act as selective agonists on some subtypes of 5-HT1
receptors, most of which are located at the central nervous system (Filip
and Bader, 2009). In order to reach these central receptors and exert
their pharmacological effect, triptans must cross biological interfaces,
as the blood-brain barrier (BBB) (Ahn and Basbaum, 2005; Edvinsson
and Tfelt-Hansen, 2008). Sumatriptan (SMT) is the pharmacological
prototype and first designed triptan (Johnston and Rapoport, 2010).

Other triptans were designed after SMT (Tfelt-Hansen et al., 2000),
looking to improve pharmacokinetic profile and permeation and to
reduce adverse effects. Even that, SMT is nowadays still considered one
of the most efficient drugs among its family. In this sense, it is im-
portant to obtain physical-chemical understanding, at high-resolution
and molecular level, of SMT interaction with model membranes, in
order to get insights on its effects on simplified models of biological
barriers.

Usually, neutral compounds have greater membrane partition
(given their higher n-octanol/water partition) than charged ones

Abbreviations: Alip, area per lipid; BBB, blood-brain barrier; ACS, chemical shift change; EDP, electron density profile; EPC, egg phosphatidylcholine; g(r), radial
distribution function; Ka, ionization constant; Kp, partition constant; POPC, palmitoyl-oleoyl-phosphocholine; logP, partition coefficient; POPC, palmitoyl-oleoyl-
phosphocholine; MD, molecular dynamics; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; POPC, palmitoyl-oleoyl-phosphocholine; ROESY,
rotating-frame nuclear Overhauser effect correlation spectroscopy; SMT, sumatriptan; T, longitudinal relaxation times
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Fig. 1. Scheme of SMT ionization and partition between water and membrane phases. K, and K, are the ionization and partition equilibrium constants, respectively.
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“p” and “n” refer to the protonated and neutral species of sumatriptan;

(Avdeef et al., 1998). Besides, the partition coefficient determined be-
tween n-octanol/water phases could be different from that between
membranes/water (de Paula and Schreier, 1996; Gregoriadis, 1992).
This fact is due to the bidimensional molecular organization of lipids in
bilayers and also because the ionization constant (K, in Fig. 1) of am-
phiphiles in the presence of non-homogeneous media such as mem-
branes can change, reflecting the different partition constant (K;) of the
charged/uncharged species.

Since the pKa of SMT is 9.7 (Wellcome, 2001; Wojnar-Horton et al.,
1996), the prevalent ionization specie at physiological pH is the pro-
tonated one (Wellcome, 2001; Wojnar-Horton et al., 1996; Wood and
Pickholz, 2013). Although at physiological pH most of SMT molecules
are in the protonated form, it is important to understand the behavior of
both charged and uncharged species in the membrane. Nevertheless, to
reach neutral SMT (pH=12) state in bilayers is not feasible by ex-
periments, due to the structural changes of the lipid structure at this pH,
caused by deprotonation of the choline amine group (Austin et al.,
2005, 1995; Boggara and Krishnamoorti, 2010; Boggara et al., 2012). In
this context, computer simulations appear as a very powerful tool to fill
this gap.

Previously, we have reported through Molecular Dynamics (MD) at
different scales —atomistic and coarse grain-, that SMT in its protonated
form (pSMT), showed interfacial distribution in palmitoyl-oleoyl-
phosphocholine (POPC) bilayers (Wood et al., 2018; Wood and
Pickholz, 2013, 2014). pSMT molecules were seen to partition between
the aqueous and lipid/water interface, with no access to the hydro-
phobic membrane core. These results are in good agreement with low n-
octanol/water partition coefficient (logP < 1) (Shidhaye et al., 2008;
Tfelt-Hansen, 2010) and biopharmaceutical classification systems
(Dave and Morris, 2016; Tanaka et al., 2017), suggesting SMT high
affinity for polar phases (Shidhaye et al., 2008). Notwithstanding, in
our simulations SMT showed high interaction with the lipid head-
groups, indicating that such traditional classifications may offer a
biased and poorly detailed estimation of drug affinity for different

and “m” refer to water and membrane phases.

phases, as previously suggested in the literature (Avdeef et al., 1998;
Bemporad et al., 2005; Santos et al., 2003). The limitations of pSMT
molecules to diffuse through membranes have been related to specific
groups involved in interactions with either the polar head-groups and
water, as well as to the high electric and atomic density of the inter-
facial region (Wood and Pickholz, 2013).

Nuclear Magnetic Resonance (NMR) is a powerful tool to study
molecular structure and dynamics, giving valuable experimental in-
formation on the interaction of small solutes with model membranes
(Cabeca et al., 2009; Fraceto et al., 2005; Gawrisch et al., 2002). From
NMR spectra, differential changes in the chemical shifts, longitudinal
relaxation times and intermolecular through the space -nuclear Over-
hauser effect (NOE)- interactions can be obtained, unraveling the to-
pology of drug-bilayer interaction (Gawrisch et al., 2002; Kuroda and
Fujiwara, 1987; Kuroda and Kitamura, 1984).

Numerous reports in the literature describe the behavior of drugs in
model membranes using different approximations (Bemporad et al.,
2005; Cabeca et al., 2009; Coimbra et al., 2018, 2014; Fraceto et al.,
2005; Hoff et al., 2005; Jemiota-Rzeminska et al., 2005; Kope¢ et al.,
2013; Paquet et al., 2002; Peetla et al., 2010; Venable et al., 2019). In
this context, both MD simulations and biophysical experiments could
give a detailed picture of SMT dynamical performance across mem-
brane interfaces (Lopes et al., 2017) and other amphiphilic systems,
such as micelles (Wood et al., 2018).

In the present work, we used theoretical (MD) and experimental
(NMR) approaches to study SMT interaction (conformation and dy-
namics) with model phospholipid membranes and to achieve a broad
set of stable conditions. Additionally, the advantages and limitations of
each approach is discussed, since both NMR and MD results may be
compared in some cases, in order to validate results. Then, in the pre-
sent work, the goal is to show them as complementary tools, finally
depicting that the strengths of both techniques may reciprocally com-
plemented to give a complete map of the interactions occurring be-
tween drug and lipids in the bilayer system (Cabeca et al., 2009;
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Coimbra et al., 2014; Wormald et al., 2002).
2. Materials and methods
2.1. Reagents

Egg phosphatidylcholine (EPC) was obtained from Avanti Polar
Lipids (Alabaster, AL, USA) and deuterated water (D50, 99.9%) was
obtained from Sigma Chemical (St. Louis, MO, USA). Sumatriptan
succinate was gently donated by LAFEDAR (Parana, ER, Argentina). All
other reagents were of analytical grade.

2.2. Model membranes

We chose PC bilayers since are used as model membranes for the
study of solute membrane permeability and because phosphatidyl-
choline is the predominant lipid class in mammal endothelial mem-
branes (Carpenter et al., 2014; Chew et al., 2008; Selivonchick and
Roots, 1977), such those of BBB. However, it is important to notice the
simplicity of our model, considering the complex molecular composi-
tion of BBB membranes, e.g. the presence of different classes of lipids,
including other phospholipids, sphingolipids and cholesterol and the
presence of efflux and other proteins (Campbell et al., 2014).

2.3. Liposomes preparation

Liposomes were obtained as previously described (Fraceto et al.,
2002; Fraceto et al., 2005). Shortly, small unilamellar vesicles were
obtained by sonication of multilamellar vesicles, suspended in D,O (pH
7.4). Knowing the partition coefficient of SMT, the drug was added to
the sonicated EPC vesicles up to 1:1 molar ratio.

2.4. Nuclear magnetic resonance measurements

'H NMR spectra were obtained with Bruker 600 UltraShield (14.1 T,
'H 600 MHz) equipment. The samples were degassed to avoid the in-
terference of dissolved O, during inversion-recovery measurements.
The 90° pulse was typically 10-15 ps, and the recycling time was set to
6 s which corresponds to 5 times the largest longitudinal relaxation
times (those of the aromatic indole hydrogen nuclei) (Fraceto et al.,
2005). Longitudinal relaxation times were obtained by the conventional
inversion-recovery technique, at room temperature (Smith and
Oldfield, 1984; Wohlert and Edholm, 2006). NOE experiments were
conducted using the rotating-frame nuclear Overhauser effect correla-
tion spectroscopy (ROESY) sequence, with 50 ms mixing times, for the
detection of NOEs (Gerothanassis et al., 2002; Gil and Geraldes, 1987).
Different systems were studied: pure SMT, pure EPC, and SMT:EPC
mixtures at 1:3; 1:2 and 1:1 drug:lipid molar ratios, at pH 7.4.

2.5. Molecular dynamics simulations

The simulated model membrane was a POPC bilayer. Each bilayer
contained 150 POPC molecules (75 in each leaflet) fully hydrated with
5000 water molecules. Four simulations were carried out, as single
replica, considering a 1:3 drug:lipid molar ratio. In Table 1 we sum-
marized the systems, where different pH were emulated: low pH (only
pSMT), high pH (only nSMT), and pH of 9.7 (half nSMT and half pSMT).
In three of the simulations the drugs were initially placed in the water
phase, and in most of the work we will discuss these cases. Besides, we
have added an extra case, where protonated drugs were original placed
in the lipid core. We will make explicit reference when we refer this
case.

The initial coordinates were built up using the Packmol package
(Martinez et al., 2009). The simulations were performed using the
NAMD2 program (Kalé et al., 1999) within the CHARMM?27 force field
(Feller and MacKerell, 2000; MacKerell et al., 1998). In relation to the
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Table 1

Summary of the four simulated systems considered in this study: we described
the number of protonated and neutral drugs in the system, their initial condi-
tion (IC) and the simulation run time.

System name N¢ pSMT N° nSMT Run time IC

pSMT 50 0 150 ns Water
npSMT 25 25 150 ns Water
nSMT 0 50 150 ns Water
pSMTc 50 0 150 ns Lipid core

used force field (FF), we are aware that CHARMMS36 FF is the current
one. Nevertheless, we have used CHARMM27 in order to be consistent
with our previous simulations (Wood and Pickholz, 2013, 2014, 2016).
The TIP3P model (Jorgensen et al., 1983) was used for water molecules.
Both pSMT and nSMT were considered as fully flexible molecules. As
for pSMT, nSMT parameters were based on the CHARMM force field,
adjusting charge distributions as performed for similar molecules
(Wood and Pickholz, 2013, 2014). Topology of nSMT and pSMT is
provided in supplementary material.

The simulations were performed within the NPT ensemble, con-
sidering periodic boundary conditions. The temperature was kept
constant at 310 K, by means of a Langevin thermostat, applying friction
and random force (Andersen, 1980). The Langevin thermostat was used
without coupling to hydrogen atoms and with a damping coefficient of
1/ps. In addition, pressure was maintained at 1 atm by using a Langevin
barostat (Feller et al., 1995) with a piston period of 5 ps and a damping
time of 5 ps. A multiple-time step algorithm, RESPA (Tuckerman et al.,
1991), was used, with a shortest time step of 2 fs. The short range forces
were computed using a cut-off of 10 A, and the long-range forces were
taken into account by means of the particle mesh Ewald technique
(Essmann et al., 1995).

3. Results

3.1. NMR evidence of sumatriptan interaction with EPC liposomes at
physiological pH

Taking into account the pKa of SMT, results of experiments per-
formed at pH 7.4 are mostly attributable to the charged SMT specie (at
least 95% of the total drug population even considering pKa changes
within bilayer) (see Fig. 1) (Schreier et al., 1984; de Paula and Schreier,
1996; Zhang et al., 2007). As a first approach the hydrogen NMR
spectrum (*H NMR) of SMT and EPC liposomes were collected and their
hydrogen nuclei assigned and compared with a predictor tool of NMR
software (MestreNova, MestreLab Research) and published spectra. The
spectrum of 1:1 SMT:EPC sample was collected and changes in chemical
shift (AC.S., ppm) of the different peaks were determined, in compar-
ison to SMT and EPC reference samples, as shown in Figs. 2 and 3. For
assignment purposes, the structures of SMT and POPC, one of the pre-
valent lipids in EPC, are given as reference in Fig. 2. Lowercase and
uppercase letters indicate the peaks corresponding to SMT and EPC
hydrogen nuclei, respectively. The peak at 4.7 ppm correspond to the
signal of remaining water hydrogen nuclei in D,0, the peak assigned as
a (2.3 ppm) in the SMT spectrum corresponds to succinate hydrogen
nuclei and the sharp peak assigned as * corresponds to acetone trace in
tube (Fulmer et al., 2010). The assignment of EPC hydrogen nuclei is in
good agreement with available spectra, as well as that of SMT (Fraceto
et al., 2002; Fraceto et al., 2005; Udutha et al., 2018), confirming the
purity of the compounds. The C.S. and AC.S. for all peaks in pure
samples and mixtures (at 1:3, 1:2 and 1:1 drug:lipid molar ratios) are
given in Table S1 (Supplementary material). Also, the spectra corre-
sponding to lower SMT:EPC ratios (1:3 and 1:2) can be seen in Fig. S1.

SMT:EPC spectrum revealed changes in the chemical shifts (in
comparison to pure SMT and EPC spectra), for peaks belonging to the
drug and lipid. Displacements (AC.S.) higher than 0.05ppm are
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Fig. 2. A) Structures and assignments of SMT and POPC (representative of a typical EPC lipid). B) 'H NMR spectrum of SMT (red, up), SMT:EPC 1:1 (green, middle)
and EPC (black, bottom). The sharp peak assigned as * corresponds to acetone trace in tube.

considered significant and representative of changes in the chemical
microenvironment of hydrogen nuclei (Cabeca et al., 2009; Fraceto
et al., 2002; Fraceto et al., 2005).

Fig. 3 shows significant displacements for SMT peaks: e—j (see note
in Fig. 3) and for the H peak of EPC, indicating changes in the chemical
environment of drug and polar head group lipid hydrogen nuclei. It is
important to notice that only the peaks not affected by overlapping
were plotted in Fig. 3, although Table 1S shows evidences of other SMT
(c and d) and EPC (G) peaks shifted towards lower chemical shift va-
lues, suggesting a greater shielding of nuclei caused by the change of
environment upon drug insertion into the membrane (Fraceto et al.,
2002; Fraceto et al., 2005). Fig. 3 also shows the effect of increasing
SMT concentrations on the chemical shift of both SMT and EPC signals.
At the experimental condition, SMT molecules are distributed in the
water and in the membrane phases, so that AC.S. values reflect the
average chemical shift of both populations of molecules. At increasing
SMT concentrations, AC.S. values reflect the increase in drug fraction
inside the membrane. At the highest drug:lipid ratio, SMT peaks were
considerably shifted (up to 0.12 ppm for peak e) and many of them
were affected by the membrane environment, specially the methylene
(e and f) and the indole ring (g, i, h, j) hydrogen nuclei.

The observed AC.S. are consistent with results of previous MD si-
mulations in POPC bilayers (Wood and Pickholz, 2013), where SMT
have displayed interfacial distribution and interaction with polar head
groups of POPC. The correlation between drug:lipid ratio and AC.S.
suggests that the interaction is greater with increasing number of mo-
lecules of SMT at the interface and the whole system. Moreover, SMT
results are comparable with other amphiphilic compounds (local

anesthetics, as lidocaine and mepivacaine mainly (Fraceto et al., 2005))
which affect the choline and phosphate hydrogen nuclei of EPC in the
same direction.

The presence of SMT in-between the EPC molecules may also induce
changes in the dynamics of the lipids, which can be accompanied by
longitudinal relaxation time experiments (Fraceto et al., 2002; Fraceto
et al., 2005). Using the inversion recovery technique, we have de-
termined the longitudinal relaxation times (T;) (Friebolin and
Becconsall, 1993; Gerothanassis et al., 2002) for those SMT and EPC
peaks not overlapped in one-dimensional spectra (see Fig. 2). Fig. 4
shows the T; values for pure samples (SMT and EPC) and SMT:EPC
mixtures, at three drug:lipid ratios (1:3, 1:2, 1:1). The T; values of pure
EPC showed good agreement with other reports in the literature
(Cabeca et al., 2009; Fraceto et al., 2002; Fraceto et al., 2005). T; values
were small for the hydrogen nuclei at the polar head group, reflecting
the restriction caused by electrostatic interactions between amine and
phosphate groups of adjacent lipids (Fraceto et al., 2002). At the gly-
cerol groups, hydrogen nuclei have intermediate mobility and in the
hydrocarbon lipid chains the mobility increase towards the terminal
methyl groups.

Fig. 4 reveals that, in all cases, the T; values of SMT:EPC samples
decreased respect to the pure samples. The restricted mobility of SMT
hydrogen nuclei is a clear evidence of drug partition into the membrane
or membrane-water interface. The measured T, values represent not
only the SMT molecules in the membranes, but also a fraction of the
drug that is soluble in water. In the presence of EPC bilayer, we were
able to identify that changes in T, values were more pronounced in the
SMT hydrogen atoms belonging to the indole ring (peaks h, i and g)

Fig. 3. '"H NMR: changes in CS (ACS) of A)
SMT (left) and B) EPC (right) hydrogen nuclei,
at different SMT:EPC ratio: 1:3 black, 1:2 red
and 1:1 green. (Note: although hydrogen nu-
cleus j (SMT) shows a well-resolved peak
(Fig. 2), it is not depicted here to follow the
sequence of hydrogen nuclei in schematic
skeleton structure (j is equivalent to peaks g or
i, and shows similar ACS)). Assignments as in
Fig. 2.
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Fig. 4. Longitudinal relaxation times (T;) of A) SMT (left) and B) EPC (right) hydrogen nuclei, at different SMT:EPC ratios: 1:3 - black, 1:2 - red and 1:1 -green. T;
values for pure SMT and EPC samples are depicted in gray. Assignments as in Fig. 2.

(note: peak j was not shown, as explained above). As observed from
AC.S. (Fig. 3), T; results confirmed that the indole group is the most
affected region of SMT molecule upon partition into the membranes.
The dynamics of peaks e and f did not show great T; variation when
inside the membranes, probably because the mobility of those hydrogen
nuclei was already restricted in the SMT molecule (T; values < 15s) in
aqueous phase, as a result of auto-interactions between SMT molecules.
In that way, when hydrogen nuclei e and f got inserted at the polar head
group region their mobility was just slightly affected. T; and CS account
for different properties and they have different sensitivity. Never-
theless, both techniques are compatible with SMT partition into EPC
liposomes.

In the presence of SMT, the T, values of hydrogen nuclei I, I' and H
belonging to the EPC molecule decreased markedly (Fig. 4), indicating
the effect of SMT on decreasing the mobility of the hydrogen nuclei
from the polar head-groups (near to phosphocholine hydrogen nuclei),
in a concentration dependent manner. These results suggest the inser-
tion of SMT in the interfacial region of the bilayer, in line with the
observed changes in chemical shifts (Fig. 3). In previous reports, we
have already described a similar behavior for SMT as seen by MD si-
mulations (Wood et al., 2018; Wood and Pickholz, 2013, 2014),
showing preference for the interfacial region of POPC bilayers, re-
vealing good agreement between NMR and MD results.

We have measured ROESY spectra of SMT:EPC mixtures, looking for
intermolecular (through the space) magnetic transferences (building up
NOE) (Bax and Davis, 1985; Friebolin and Becconsall, 1993; Gawrisch
et al.,, 2002; Gerothanassis et al., 2002). Fig. 5 shows the ROESY
spectrum for SMT:EPC (1:1) sample. We observed intermolecular cor-
relations between several peaks, mostly corresponding to polar groups
of SMT and EPC. Detection of short distances correlation (< 5 1°\) NOE
reveals intermolecular proximities between hydrogen atoms of SMT
and EPC (choline) groups, as also observed before with other amphi-
philic drugs (Bemporad et al., 2005). Among others, cross peaks be-
tween 'H signals ¢ and G, as well as between d and H can be observed
from Fig. 5. Detection of NOE peaks did not rule out the existence of
other interactions between SMT and EPC, such as those involving in-
dole-ring hydrogen nuclei. By ROESY, the spatial correlation is detected
between nuclei at a very short distance (2-5 10\), preventing detection of
interactions involving bulky or rigid structures. This result is in
agreement with the radial distribution of pSMT and POPC polar groups
(peak at =2 10\) observed trough MD (Wood and Pickholz, 2013), in line
with the requirement for ROESY inter-molecular correlation.

So far, we discussed NMR results depicting information about dy-
namics and distribution of SMT molecules in the SMT:EPC systems. The
obtained results confirmed our previous findings regarding the inter-
facial distribution of SMT in membranes (from small angle x-ray scat-
tering experiments) (Wood et al., 2018). Also NMR experiments al-
lowed us to go further, studying in deeper detail specific interactions
between SMT and EPC responsible for such distribution.

f1 (ppm)

3.8

‘ o e o e . ta.4

44 42 40 38 36 34 32 30 28 26 24 22 20
2 (ppm)

Fig. 5. 'H-ROESY spectra of SMT:EPC 1:1 ratio. SMT peaks are referenced in
red lowercase and EPC in black uppercase. Assignments as in Fig. 2.

Here, using NMR technique we were able to access to the behavior
of protonated SMT specie in lipid liposomes. Considering that pKa of
SMT is 9.7, it should be necessary to work at a pH around 12 in order to
explore the effects of the neutral species. However, phosphatidylcho-
lines are not stable at this pH (Austin et al., 2005, 1995; Boggara and
Krishnamoorti, 2010; Boggara et al., 2012). Even more complex is to
analyze the effect of both ionization states in mixtures (pH™ 10) because
of the NMR peaks overlapping. In this direction, MD simulations appear
as a very powerful technique (Jemiota-Rzeminska et al., 2005), to ex-
plore the different conditions, leading to the prediction of experimental
results (i.e. both species are present) and going further (i.e. neutral
SMT).

3.2. pH dependence on the interaction of sumatriptan with model
membranes

Here, we used classical MD simulations to address the pH depen-
dence of SMT interaction with model membranes. Simulations were
carried out for each ionization specie, and mixture of pSMT and nSMT
in POPC bilayer under different conditions. Considering pKa of SMT
and Henderson-Hasselbach equation, the studied systems consisted on:
(1) "100% pSMT (simulating from low to physiological pH, (2) “100%
nSMT (simulating pH over 11.7), (3) pSMT:nSMT 50:50 (simulating
pH=pKa, 79.7) (Wellcome, 2001; Wojnar-Horton et al., 1996)
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(Table 1). The drug molecules were initially placed in water. Besides,
for the first case we also analyzed a different initial condition, in which
pSMT was initially placed at the lipid core.

Simulations were run 150 ns. We have followed the convergence of
the different properties. In this way, we used the last 50 ns for the
average calculation for the results presented here, where the con-
vergence was assured.

The area per lipid, Alip, was calculated as length of the simulation
box in x dimension by length in y dimension, divided by number of
lipids per monolayer, and is expressed in A2, with error in significant
numbers. Fig. S2 (Supplementary information) shows Alip of the three
systems, in which drugs were initially placed in the water phase, for the
last 100 ns. When only one specie is present, the area per lipid was not
affected (60.3(3) and 60.2(1);\2, for pSMT and nSMT, respectively).
Nevertheless, the Alip increased when both ionization species were
present going to 63.4(3)A? (npSMT), suggesting cooperative behavior
between them. A concomitant decreasing on membrane thickness (ex-
pressed as z-box dimension of POPC bilayer) was found for npSMT,
showing little changes in the whole box volume (results not shown).
Regarding lipid ordering, no differences were found for such property
between nSMT, pSMT and npSMT systems.

Synergistic effects between nSMT and pSMT in the npSMT system,
could be responsible for the increase on area per lipid. In order to see
the drug organization within the bilayer, we evaluated the electron
density profile (EDP) normal to the bilayer (z coordinate). Fig. 6 shows
the EDPs (where z = 0A corresponds to the membrane center). From
this figure one can observe that SMT molecules partition between the
water phase and the lipid-water interface. The main difference between
nSMT and pSMT partition was that nSMT entered deeper into the
membrane, without reaching the membrane core (Jemiota-Rzemirnska
et al., 2005). Besides, no crossing (from one bilayer leaflet to the other
one) events were observed for any of the drugs, during the entire si-
mulation time. The coexistence of both SMT species in the same bilayer
(npSMT) leads to a very similar behavior regarding distribution. The
percentage of molecules at the aqueous phase differed between the
conditions (see Table S2, Supplementary material), as observed in si-
milar system containing naratriptan (NRT) (Wood and Pickholz, 2016).
nSMT showed a bimodal distribution at the interface, locating near to
glycerol groups of POPC and at the water phase, with relatively poor
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partition nearby the phosphate groups, while pSMT had a continuous
distribution through the entire interface and water regions. The parti-
cular behavior of the different ionization species could also affect the
bilayer organization, lipid area and hydration of lipid head groups, as
was previously discussed for NRT (Wood and Pickholz, 2016).

In order to analyze the specific orientation of the sumatriptan mo-
lecules within the bilayer, the EDP of different SMT groups was cal-
culated. In Fig. 7 we show the results for dimethyl amino ethyl (io-
nizable group), pyrrole ring of indole (bearing the -NH group), benzene
ring of indole and sulfonamide. For the neutral molecules, we observed
that at interfaces nSMT shows specific orientation where the dimethyl
amino ethyl and, in less extent, sulfonamide groups entered deeper into
the bilayer core. On the other hand, pSMT did not show, in average, any
specific orientation. Furthermore, in the npSMT system, both neutral
and protonated molecules followed similar behavior to those observed
for nSMT and pSMT systems. A snapshot of this system is shown as Fig.
S3 in SL

Regarding drug-lipid polar head interactions, in previous work we
found three possible mechanisms: salt bridges, cation-it and hydrogen
bonds (Wood and Pickholz, 2013, 2014, 2016). Next, we show the
analysis of pair interactions between SMT and POPC molecules, illus-
trating some of the mentioned mechanisms.

First, the existence of non-covalent cation— interactions (Petersen
et al., 2005; Wood et al., 2013), was estimated for all the studied cases.
An important implication of cation-r interaction is that indole mole-
cules, such as serotonin and its precursors, adopt an interfacial location
in lipid bilayers (Wood et al., 2013). The indole ring is a n-electron rich
aromatic system with hydrogen bond donor character (given by the -NH
group that is able to establish cation-i interactions) (Mecozzi et al.,
1996). This kind of interaction was studied from the radial distribution
function (g(r)), as previously reported (Petersen et al., 2005; Wood
et al.,, 2013; Wood and Pickholz, 2013). The calculated gcation(r)
functions are shown in Fig. 8A. We can see a well-defined peak at
~4.0 A for all the three cases, and apparently stronger for the nppSMT
case. In a similar way, g(r) for the indole group is shown in Fig. S4,
suggesting that cooperative effects of both coexisting ionization species
(pSMT and nSMT) in npSMT increase this kind of interaction.

In addition, we have simulated the pSMTc system, where pSMT
molecules were initially placed inside the bilayer (last system in
Table 1). Following the EDP of the bilayer components (Fig. S5), we
found that SMT converged to an interfacial distribution in “60 ns. In this
way, the distribution of pSMT molecules dis not change regarding the
initial condition. This result suggests that polar (dimethyl amino ethyl
and sulfonamide) and indole groups determine SMT orientation, by
performing simultaneous interaction with the lipid head groups. Fi-
nally, differently than observed with protonated naratriptan species
(Wood and Pickholz, 2016), pSMT molecules did not form aggregates in
the hydrophobic core. In this regard, it is important to mention that,
despite the high number of drug molecules in the simulated systems, no
aggregates were found in the water phase.

4. Conclusions

In this work we investigated the distribution of sumatriptan in lipid
bilayers, through different NMR techniques and by MD simulations.

1H NMR experiments showed significant variations in the chemical
shift of SMT hydrogen nuclei in the presence of EPC, and vice versa, in a
concentration dependent manner. The major shifts were observed for
the hydrogen nuclei at the polar groups of EPC, confirming the inter-
action of SMT with this interfacial region as was previously shown
(Wood and Pickholz, 2013). Spin-lattice relaxation (T;) measurements
provided information about the dynamics of different depths of the
bilayer, in the absence and presence of SMT, depicting lipid bilayer
anisotropy. The differences observed between T; values also confirmed
interaction of the anti-migraine drug with the phospholipid bilayer,
with a preferential localization of SMT in the polar lipid head-groups. In
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addition, NMR results revealed that indole hydrogen nuclei is in a more
restricted environment after insertion in-between lipids, with the aro-
matic ring (the bulky part of SMT) laying down in the vicinity of gly-
cerol and choline groups, as observed for other amphiphilic drugs
(Fraceto et al., 2002; Fraceto et al., 2005). This preferential insertion
explains why SMT partition affects mainly the hydrogen nuclei of
choline, phosphate and even glycerol moieties. Nuclear Overhauser
effect experiments allowed determination of short-distance correlation
peaks between polar groups of SMT and EPC choline hydrogen nuclei.
This location could affect interactions between polar head groups of
adjacent lipids and the mobility of lipids in the bilayer. A more com-
prehensive view was obtained from MD simulations results, which ac-
curate atomistic representation revealed details on the drug molecular
conformation within the bilayer.

In this sense, we used MD simulations to simultaneously validate
some NMR results and to further explore situations unreachable from
the experimental point of view, such as absolute nSMT (very high pH).
We found that neutral SMT, as protonated SMT, essentially partitions
between the water and lipid/water interface. When neutral and

protonated species coexist in the simulation, a combination of results
was observed along with a lateral expansion of the simulation box, due
to the simultaneous presence of both species.

In summary, we fully addressed by the complementarity of NMR
and MD techniques the localization of SMT in lipid bilayers, as pre-
viously predicted (Wood et al., 2018; Wood and Pickholz, 2013, 2014).
We found good agreement for the observed changes in model bilayers,
due to the presence of SMT at different concentrations. We also study in
deep details the dynamic properties to fully characterize SMT:PC sys-
tems through NMR and MD simulations. This approach confirmed the
SMT preference for the interface region of the bilayer, in which the drug
adopts a preferential conformation through interactions between polar
and electron-rich groups, as suggested for other drugs (Bemporad et al.,
2005). Altogether, these results highlight the importance of studying
distribution of drugs in dynamical and non-homogeneous systems and
reveal the limitations of SMT to cross lipid membranes. Since the am-
phiphilic and ionizable characters of SMT, plus an intriguing pharma-
cokinetic and pharmacodynamics, could be useful to understand bio-
physical and pharmacokinetic behavior of similar drugs across inter-
faces, during drug design and preclinical studies.
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