Biophysical Journal Volume 95 December 2008 5627-5636 5627

Distribution and Dynamics of Adamantanes in a Lipid Bilayer

Chee Foong Chew, Andrew Guy, and Philip C. Biggin
Department of Biochemistry, University of Oxford, Oxford OX1 3QU, United Kingdom

ABSTRACT The adamantanes are a class of compounds that have found use in the treatment of influenza A and Parkinson’s
disease, among others. The mode of action for influenza A is based on the adamantanes’ interaction with the transmembrane M2
channel, whereas the treatment of Parkinson’s disease is thought to relate to a channel block of N-methyl-p-aspartate receptors. An
understanding of how these compounds interact with the lipid bilayer is thus of great interest. We used molecular-dynamics
simulations to calculate the potential of mean force of adamantanes in a lipid bilayer. Our results demonstrate a preference for the
interfacial region of the lipid bilayer for both protonated and deprotonated species, with the protonated species proving significantly
more favorable. However, the protonated species have a large free-energy barrier in the center of the membrane. In contrast, there
is no barrier (compared with aqueous solution) at the center of the bilayer for deprotonated species, suggesting that the permeant
species is indeed the neutral form, as commonly assumed. We discuss the results with respect to proposed mechanisms of action

and implications for drug-delivery in general.

INTRODUCTION

Adamantane (tricyclo-decane) derivatives are a series of
compounds (Fig. 1) widely used in the treatment of various
diseases, including influenza (1) and Parkinson’s disease (2).
Amantadine (1-aminoadamantane) is perhaps the most
widely studied adamantane derivative. It is one of the oldest
compounds known to have an antiviral effect against influ-
enza A (1,3-5), and was first approved by the Food and Drug
Administration in 1966 (www.fda.gov). Since then, the re-
lated compound rimantadine has also been approved. The
antiviral action of both compounds is thought to arise from
inhibition of the M2 channel, a viroporin of influenza A (5).
Amantadine was also suggested to inhibit another viroporin,
the p7 protein of hepatitis C virus (HCV) (6). However, more
recent work suggested that amantadine had no effect on p7
ion-channel activity or the infectivity of HCV particles (7).
Nevertheless, amantadine was used in clinical trials to treat
HCV (8). Some of these trials reported success (9—12), but
controversy persists about the effectiveness of amantadine in
the clinic (13-17).

Amantadine and memantine (18) (Fig. 1) have also been
used in the treatment of Parkinson’s disease (19-21), with a
block of the N-methyl-D-aspartic acid (NMDA) receptors as
the most likely mode of action (22-24). However, according
to other reports, amantadine interacts with nicotinic acetyl-
choline receptors (23), raising the possibility of neuronal
nicotinic acetylcholine receptors as drug targets in the treat-
ment of Parkinson’s disease (25). Memantine is also thought
to target NMDA receptors in the treatment of Alzheimer’s
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disease (26), and was recently used in the treatment of glau-
coma (27).

Amantadine and related compounds were shown to stabi-
lize clathrin-coated vesicles and lipid membranes, suggesting
a possible role in inhibition of ligand uptake (28,29). In addi-
tion, it was suggested that the therapeutic activity of aman-
tadine is related to nonspecific interactions (28-30).

Thus, adamantane derivatives appear to have many possi-
ble roles as therapeutic agents. At the molecular level, though,
the action of amantadine against the influenza A M2 channel
has received the most attention (1). The single transmembrane
domain of each M2 protein consists of an a-helix, and a
minimum of four of these is required to make a functional
channel that conducts protons. The most obvious mode of
action for amantadine is simply to sit inside the helical bundle
and thus block the pore (31). Indeed, two mutations that result
in resistance to amantadine occur on residues that are thought
to line the pore (A30T and G34E) (4). However, this ‘‘cork in
the bottle’” mechanism is not easily reconciled with some of
the electrophysiological observations (32), or with results
obtained from amantadine-resistant mutants (33), and thus the
precise mode of action of amantadine remains controversial.

Hu et al. speculated that amantadine action might not in-
volve a simple block, but that interference with the His-37
residues facilitates proton conductance (34). Fluorescence
spectroscopy and circular dichroism experiments also suggest
a subtle change in the structure of the M2 channel in the
presence of amantadine (35). The location of amantadine-
resistant mutants suggests that amantadine resides in the ex-
ternal membrane leaflet. Furthermore, amantadine only inhibits
channel activity when it is applied to the medium that bathes
the N-terminal ectodomain (10 uM is enough), and not
when applied to the C-terminal tail (even in the presence of
1 mM) (36). More recently, both an x-ray structure and an
NMR structure of M2 in complex with amantadine (37)
and rimantadine (38), respectively, were described. Interest-
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FIGURE 1 Structure of amantadine (A), rimantadine (B), and memantine (C).

ingly, two different modes of interaction were reported. The
amantadine structure supported the channel-block hypothe-
sis, whereas the rimantadine structure suggested an interac-
tion with the exterior of the M2 channel. Solid-state NMR
experiments implied that amantadine can alter the confor-
mational equilibrium of the M2 channel, and that amantadine-
resistant mutations create changes in this equilibrium that
result in altered binding properties (39).

Whatever the precise mode of interaction, it seems likely
that lipophilic compounds such as amantadine may reach the
channel after first partitioning into the membrane. If one
additionally considers the role of adamantanes in the treat-
ment of neurodegenerative disorders, then permeation across
the membrane becomes an important consideration with re-
spect to the blood-brain barrier and pharmacokinetics (40).

Neutron and x-ray diffraction studies using 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) showed that the ma-
jority of amantadine interacts with the lipid headgroups close
to the surface of membrane, whereas a minor proportion
penetrates deeper into the bilayer (41). Recent experiments
suggest that amantadine is significantly more soluble in lipid
bilayers than in aqueous solution (42,43). The experiments of
Subczynski et al. (43) also suggest that amantadine is more
soluble in lipid bilayers than in bulk hydrocarbon solvent.
These experiments did not indicate the precise location of
amantadine in the lipid bilayer, or how amantadine may cross
the bilayer. An understanding of this may be particularly
timely, given that amantadine leads to undesirable side effects
within the central nervous system (44). Furthermore, the issue
of amantadine-resistant forms of the influenza A virus is of
increasing concern (45—47). During the 2005-2006 influenza
season, 92.3% of influenza A virus isolated from patients
across the United States contained the amantadine-resistant
(S31N) mutation (48). High levels of amantadine-resistant
forms were also observed in Southeast Asia and Oceania (49),
as well as in Japan (50).

Molecular dynamics (MD) is methodology than can pro-
vide detailed atomic-level descriptions of systems, and is thus
a complementary method to the above series of experiments.
Indeed, there are many examples of MD simulations in the
investigation of the interactions of small molecules with lipid
membranes (51). One of the first sets of simulations (52-55)
examined diffusion coefficient solutes such as benzene in
dimyristoylphosphatidylcholine bilayers. Several groups ex-
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plored the interaction of anesthetic molecules with lipid bilay-
ers (56-59), and Bemporad et al. systematically examined the
influence of various solute properties (e.g., volume or cross-
sectional area) on lipid-solute interactions (60,61), as well as on
interactions of 3-blockers with membranes (62).

The potential of mean force (PMF) is free energy as a
function of a reaction coordinate. As the PMF profile depends
on both enthalpic and entropic contributions, its precise cal-
culation has long been a challenge to MD, because thermo-
dynamically unfavorable regions are not well-sampled (63).
One of several methods that were developed for PMF calcu-
lations is umbrella sampling, which applies a biasing potential
to obtain better sampling in thermodynamically unfavorable
regions (64).

The PMFs have provided mechanistic insights about the
transport mechanism of ions in channels (65), in particular for
the gramicidin ion channel. Beckstein and Sansom calculated
PMFs to investigate gating mechanisms of the nicotinic ace-
tylcholine receptor (66). The PMFs were also used to under-
stand the mechanism of lipid desorption (67) and the
localization of indole rings in lipid bilayers (68). More re-
cently, the PMF of an arginine side-chain in a bilayer was
calculated (69,70), with a view to understanding the mecha-
nism of voltage-sensing in potassium channels.

Here we perform PMF calculations to calculate: 1), the
preferred location and orientation of three adamantanes
(amantadine, rimantadine, and memantine) in the bilayer; 2),
the energetic costs associated with those positions; and 3), the
preference for protonation states of these compounds at dif-
ferent locations across the bilayer. Our results support the
hypothesis that these compounds absorb into the lipid bilayer
and prefer an interfacial location.

METHODS

Each simulation system consists of one adamantine molecule (amantadine,
rimantadine, or memantine; Fig. 1), 52 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) lipids in the initial setup, 1820 simple point
charge (SPC) water molecules (71), and one chloride ion. The topology of
adamantanes was obtained from the PRODRG (72) server, and charges on
atoms were recalculated at the Hartree-Fock 6-31G* level, using Spartan *02
(Wavefunction, Irvine, CA). Charges and atom types in systems are given
explicitly in the Supplementary Material (Data S1). The one-dimensional (1D)
PMF was calculated using umbrella sampling. The 1D reaction coordinate is
along the z axis, which corresponds to the bilayer normal. The umbrella po-
tential acts on the center of mass of amantadine, with an initial harmonic po-
tential of force constant of 2.4 kcal mol™* A=2 (10 kJ mol ' A=2). We found
that this force constant was too weak in the center of the bilayer, and thus we
systematically tested force constants up to 1194 kcal mol~" A~ (5000 kJ
mol~! A?). The starting configuration for each umbrella window was obtained
by placing the adamantine molecule independently at different z coordinates, to
include 190 windows each separated by a width Az = 0.5 A. Each window was
subjected to 1000 steps of steepest-descents energy minimization to remove
bad contacts with lipid molecules, followed by 1 ns of restrained dynamics,
whereby the amantadine was held fixed and the rest of the system was free to
move. Each window was first simulated for 15 ns, with the first 2 ns considered
an equilibration period, because trajectories afterward are statistically uncor-
related and are within an error of ~1 kcal/mol from the block average. Bad
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contacts with lipid chains were minimized out with the steepest-descents al-
gorithm. The system size is 47 X 47 X 92 A. The PMF profile was constructed
from the biased distributions of the centers of mass of amantadine, using the
weighted-histogram analysis method with 300-500 bins, and a relative toler-
ance of 1077 for the individual window offset. Statistical tests, described by
Schiferl and Wallace (73), were used to assure the convergence of free-energy
calculations, and to estimate the errors in free-energy profiles in the following
manner. Trajectories were divided into eight blocks of varying time lengths.
Blocks were determined to be uncorrelated by application of a Mann-Kendall
test (1 = 0.12, n = 8) and a one-tailed von Neumann test (x = 0.23, n = 8). The
Shapiro-Wilks test was used on blocks of data to determine the normality of the
distribution of mean values (W = 0.7, p < 0.05, n = 8).

Simulations were performed with GROMACS 3.2.1 (74) at 310 K and a
pressure of 1 bar. Additional simulations were performed with the optimized
potential for liquid simulation (OPLS) all-atom force field (75-77), to assess the
influence of parameter choice (see the Supplementary Material, Data S1). The
Berendsen algorithm was used to couple the temperature of the system with a
coupling constant of 1 ps (78). The system pressure was coupled in semi-iso-
tropic fashion (x and y, independent of z), using the Berendsen algorithm with a
compressibility of 1 X 107> bar~! and a coupling constant of 1 ps (78). Lipid
force-field parameters were taken from Berger et al. (79). Electrostatic inter-
actions were accounted for by a particle-mesh Ewald method (80) with a real-
space cutoff of 10 A, a grid spacing of 0.015 A, and fourth-order interpolation.
The van der Waals interactions were computed with a cutoff of 10 A. The time
step was 2 fs. Simulations were run on a Linux cluster. Structures and ani-
mations were displayed using Visual Molecular Dynamics (81). The analysis
was performed using GROMACS and a locally written code.
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RESULTS
Construction of potential of mean force

Fig. 2 shows PMFs as a function of the center of mass
derived for the adamantanes in both protonated and de-
protonated forms. The protonated forms (Fig. 2, A-C)
exhibit similarly shaped profiles, with a favorable free-
energy well of between —4 and —7 kcal/mol centered
around 12 A from the center of the bilayer, corresponding
to the interface. The profiles suggest that as the protonated
forms approach the center of the bilayer, they experience a
large (11-14 kcal/mol) barrier. Whereas the PMFs for
protonated amantadine (Fig. 2 A) and rimantadine (Fig.
2 B) look similar, the PMF for protonated memantine (Fig.
2 C) has a lower barrier at the center of the bilayer. The
PMF profiles for deprotonated forms show that the barrier
is effectively removed, and the interaction is slightly fa-
vorable by 0.7-2.7 kcal/mol (with respect to bulk water)
in all three adamantanes (Fig. 2, D—F). Although the po-
sition of the well in the PMFs is preserved, deprotonation
reduces the depth of the well for all three compounds,
suggesting that charge interactions are important in de-
termining the extent to which the molecules interact with
the interface.

FIGURE 2 PMF for protonated amantadine (A), proton-
ated rimantadine (B), protonated memantine (C), deproto-
nated amantadine (D), deprotonated rimantadine (£), and
deprotonated memantine (F). Center of bilayer is located at
0. Error bars indicate standard error of the mean, derived
from the block-averaging procedure described in text.
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Interaction with the membrane

All three protonated forms of the adamantanes form sub-
stantial interactions with the lipid headgroups, even when
located close to the bilayer center (Fig. 3). Consistent with
previous reports on charged amino-acid side chains, the in-
teractions between compounds and lipid headgroups lead to
considerable deformation of the membrane, which also allows
water molecules to form interactions with the ammonium
moiety (Fig. 3). Such water interactions were previously ob-
served in acetic acid in lipid bilayers (62), in valproic acid
(82), and in the solvation of amino side-chains (69,70,83,84).

Based on the PMF (Fig. 2) and inspection of the trajectories,
we can observe the mode of interaction of the adamantanes
with the membrane. As they approach the headgroups of the
POPC lipids (from z = —40 A to —20 A, and fromz =40 A to
20 A), they orient themselves such that the positive charge of
the ammonium group faces the negatively charged phos-
phates (Fig. 3, A, C, and E). As a result, the PMFs start to
decrease (Fig. 2). As they move closer to the interfacial re-
gion, the orientation of the adamantane flips 180° with respect
to the bilayer (Fig. 3, B, D, and F), and it reaches an energy-
minimum position in the PMF profile. Adamantanes remain
in this orientation until they cross the center of the bilayer,
where they flip such that the ammonium group orients to face
the headgroups of the other lipid leaflet.

FIGURE 3 Preferred orientations near interface for amantadine (A and B),
rimantadine (C and D) and memantine (E and F).
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In the interface region where the PMF is at a minimum, the
adamantanes appears to adopt a distinct orientation. To
quantify this, we examined the orientation of the vector of the
bond between the tricycle-decane group and the first atom of
the substituent. Fig. 4 A shows the combined distribution (for
amantadine) of windows between z = 11-14 A and z = — 14
to —11 A. Similar distributions were obtained for rimanta-
dine and memantine (data not shown). The distribution
suggests an angle between 20-30°, consistent with recently
reported solid-state NMR experiments (85). We also exam-
ined the radial distribution function (RDF) for the ammonium
group of amantadine with various chemical moieties, as
shown in Fig. 4, B and C. The RDFs show that for the in-
terfacial location, the predominant interaction of the ammo-
nium group is with the glycerol oxygens rather than those
of the phosphate group. However, when amantadine is situ-
ated in the center of the bilayer, interactions with different
oxygen groups are similar. Similar observations were made
for rimantadine and memantine (data not shown).

We combined the PMF profiles of protonated and de-
protonated forms to give the change in pK, relative to
the adamantanes in solution (pK,amantadine = 9 (86,87),
pKa;rimamadine = 10.4 (87), and pKa;memamine = 10.3 (88,89),
in accordance with the thermodynamic cycle shown in Fig. 5.
The free energy for deprotonation in bulk water is calculated
from the pK, values, whereas the transfer free energies are
computed directly from the PMFs. Thus, in a fashion similar to
that of previous work (77,90), we can compute change in pK,
as a function of membrane depth with respect to bulk solution.

The results for amantadine (Fig. 6 A) indicate that the pK,
is reduced by 9 pH units in the center of the bilayer, favoring
formation of the deprotonated state. The interface regions, on
the other hand, have a positive shift of ~4 pH units, favoring
the protonated state in this region. Large shifts in pK, were
also evident at the center of the membrane for rimantadine
and memantine (Fig. 6, B and C). Similar scale shifts were
reported for lysine (77,90) and methyl-guanidine (90), sug-
gesting that our results are in both quantitative and qualitative
agreement. For example, MacCallum et al. (70,77) showed
that a lysine side chain would have a pK, of 2 at the center of
the bilayer, and a value of 12.5 in the region of the interface.
The pK, of lysine in aqueous solution is 10.8. Rimantadine
differs from amantadine and memantine in that the latter
exhibit positive increases in pK, in the interface region, but
rimantadine has no such change associated with it.

DISCUSSION
Implications for adamantanes as drugs

The PMF profiles suggest that the preferred location of
adamantanes is in the interfacial region of the lipid bilayer,
in agreement with recent experiments (41-43). The orien-
tation is such that the tricyclo-decane moiety is in contact
with the lipid alkyl chains, and the ammonium group is in
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FIGURE 4 (A) Histogram of C-N vector-bilayer normal angle taken from
simulation windows (both positive and negative with respect to center of
bilayer) + 11-14 A of protonated amantadine. (B) Representative radial
distribution function of oxygen atoms with respect to nitrogen atom of
amantadine in the interface region (z = —12 A). (C) Radial distribution
function of oxygen atoms of phosphates and glycerol backbone with respect
to nitrogen atom of amantadine in hydrophobic core of membrane (z = 0 A).

contact with the lipid headgroups and in particular the
glycerol oxygens. A recent NMR and MD study by Li et al.
(85) also concluded that amantadine has a distinct popula-
tion that resides in the interface region, and that the amine
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FIGURE 5 Thermodynamic cycle used to calculate change in pK, value.
Two transfer values are calculated directly from potentials of mean force for
protonated and deprotonated forms of adamantanes. The AGpase — acid, water
is calculated directly from pK,, as described in text.

headgroup also interacts with the choline and glycerol
oxygens.

Furthermore, this location is favorable with respect to bulk
water, and thus raises questions about how these compounds
interact with target proteins. For example, amantadine and
rimantadine are known to interact with (and inhibit) the M2
channel from influenza A (1,3-5) and the p7 protein from
HCV (6), whereas memantine is a known NMDA receptor
block (22,24). Two structures for the M2 channel in complex
with either amantadine (37) or rimantadine (38) were recently
reported, but with differing proposed modes of action.
Amantadine is thought to block the channel, whereas riman-
tadine is thought to interact on the exterior of the channel.
Because there is no barrier for the absorption of amantadine or
rimantadine to occupy an interfacial location (Fig. 2 B), these
results support the idea that these compounds could first
partition into the bilayer before interacting with its target
protein (91,92). Moreover, several mutations of the M2
channel (93,94) that confer amantadine resistance to influenza
A (at residue positions 26, 27, 30, 31, or 34) are located at a
position in the bilayer that could be readily accessible from
amantadine that has already absorbed to the interface as well
as from the aqueous solution.

Although a recently determined structure supports the hy-
pothesis that amantadine sits within the tetramer (33,34,95,96),
it is still unclear how it would reach this site. If amantadine
does need to sit inside the pore to effect a block, some
movement of the M2 helices is likely. It is already known that
the conformation of M2 helices depends on the lipid envi-
ronment (97), suggesting a certain degree of plasticity in this
region that might allow amantadine to enter from the lipid
phase. It should also be remembered that both the x-ray and
NMR structures are of truncated peptides, and it is not known
to what extent the dynamics of the full-length protein differ
from these shorter constructs.

The profiles of both the protonated and deprotonated forms
of adamantanes allow for speculation about how these and
other drugs might cross the lipid bilayer. Such information is
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Error bars indicate standard error of the mean, according to the block-
averaging procedure described in text.

particularly sought after, given that 98% of all new central
nervous system candidate drugs do not cross the blood-brain
barrier efficiently (98). There is no barrier to absorption to the
interface region of the membrane, but there are differences in
the size of the well, depending on the protonation state of the
adamantane. For example, protonated amantadine has a well
on the order of —6.5 kcal/mol, whereas for the deprotonated
state, the well is only 2.5 kcal/mol. Similarly, protonated ri-
mantadine has a well of —5.2 kcal/mol, whereas for the de-
protonated state, the well is only 1.8 kcal/mol. Although there
is also a difference for the protonated versus deprotonated
state of memantine, the difference between them is somewhat
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smaller (—4.25 kcal/mol for the protonated state, versus —3.7
kcal/mol for the deprotonated state).

For all three compounds, the center of the bilayer presents
a large barrier to permeation for the protonated species. The
deprotonated species at this position, on the other hand, is
slightly favorable compared with bulk (ranging from —0.8
kcal/mol for deprotonated rimantadine, to 2.7 kcal/mol for
memantine). Thus one might expect the deprotonated species
to be more likely the permeant species. The fraction of per-
meant species can be computed directly from the pK, value.
For example, with a pK, of 9, amantadine will be 97.5%
protonated (assuming a pH of 7.4 for the blood-brain barrier
in vivo). Thus, 2.5% will be deprotonated. For this species to
permeate, it must first absorb into the favorable well, hop
over the central barrier (+ 1 kcal/mol with respect to the
interface for deprotonated amantadine; Fig. 2 D) into the
favorable energy well in the second lipid leaflet, where it
must finally escape the second —2.5 kcal/mol energy well.

It is also of interest to compare the mode of interaction of
these molecules and those of other small molecules with lipid
bilayers. Simple alcohols are among the best-studied com-
pounds in terms of their interactions with lipid bilayers (see
Terama et al. (99) and references therein), with much of the
work focusing on the effects of alcohol on the properties of the
membrane. Patra et al. (100) analyzed the interactions of
ethanol and methanol with lipid, and concluded that ethanol
could interact with the ester groups of the lipids. Methanol
was observed not to penetrate the lipid bilayer, and was pre-
sumably too polar overall. Dickey and Faller (101) observed
that the OH group of propanol and butanol (at low concen-
trations) has greater interaction with the carbonyl groups of
dipalmitoylphosphatidylcholine bilayers than ethanol, pos-
sibly reflecting an increase in van der Waals interactions be-
tween alkyl chains. Mukhopadhyay et al. examined the
behavior and interaction of pentachlorophenol (PCP) with
lipid bilayers (102). They found that the hydroxyl group in-
teracted with the lipid carbonyl groups and water molecules,
whereas PCP interacted with the alkyl chains in a parallel
orientation, to optimize local packing in the dense ordered
chain region of the bilayer. Thus, although the compounds
reported in these studies and those reported here are quite
dissimilar, they illustrate that the interfacial region of the lipid
bilayer provides a suitable environment for a wide range
of chemical groups, as long as they possess a large enough
hydrophobic group (at least the size of ethanol) and a group
capable of forming hydrogen bonds with the lipid carbonyl
groups.

Limitations

It is important to note possible sources of error associated with
this type of calculation: 1), System-size dependence: to in-
vestigate dependence on the size of a system, we repeated the
calculation with two larger systems: one with 128 POPC
lipids, and a second with 256 POPC lipids (see the Supple-
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mentary Material, Data S1). In our simulations, we estimated
the associated error to be up to 1 kcal mol™", in agreement
with Allen et al. (103), who estimated an error of up to 1.8 kcal
mol ™! that could be attributed to system size; 2), We used a
nonpolarizable force field. Allen et al. (103) examined the
influence of polarizability in detail, and concluded that a po-
larizable phospholipid could contribute a stabilizing effect of
—3.6 = 0.3 kcal mol™'. More recently, Vorobyov et al.
demonstrated that for an arginine analogue (the positively
charged methyl guanidinium ion), the PMF computed with a
Drude polarizable membrane reduced the barrier in the center
of the bilayer by less than 1 kcal/mol, compared with PMFs
calculated with the nonpolarizable CHARMM force-field
(104). This was perhaps a smaller effect than might be ex-
pected (especially considering that the solvation free energy
of a charged arginine in cyclohexane is substantially under-
estimated), but can be attributed to the shielding from the lipid
hydrocarbon tails by water molecules and lipid headgroups
because of the severe deformation of the membrane when a
charged arginine is present. A similar level of membrane
deformation was observed in the presence of charged species
in this study, and thus we suggest that a similar level of error
would likely be associated with these calculations; 3), Pa-
rameter choice: the interactions between lipids and these
compounds were not explicitly validated. The underlying
assumption is that previously derived parameters are trans-
ferable to similar systems. A similar assumption was made
previously (77). To assess the influence of parameters on our
results, we repeated the amantadine calculations with a dif-
ferent parameter set (Supplementary Material, Data S1).
Those results gave remarkably similar profiles. Comparing
the profiles for amantadine (Fig. 2, A and D) with the OPLS-
AA force-field parameter set (Fig. S6, Data S1) shows that the
error associated with the choice of parameter set is on the
order of 0.5 kcal/mol.

CONCLUSIONS

We were able to demonstrate the preferred location of ada-
mantane derivatives within a lipid bilayer. Furthermore, we
showed that amantadine and rimantadine are likely to be
protonated at this interfacial location in POPC lipids. Mem-
antine, on the other hand, has only a slight preference for the
protonated state at this position. These aspects are likely to be
important for an understanding of how these compounds
reach their targets within the cell.

Our results also suggest that the membrane-permeant spe-
cies in all cases is likely to be the deprotonated form. Whether
that deprotonation step proceeds in the bulk solution or after
initial absorption into the interface region remains to be seen.

The complexity of profiles highlights the dangers of trying
to compare membrane affinity with drug permeability (60,105),
and demonstrates that the membrane cannot be treated as a
simple continuum slab. A similar conclusion was reached
through recent work on charged amino-acid side chains in
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membranes (106). Such considerations will be important for a
better understanding of drug designs.
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