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Abstract

To reach their biological target, drugs have to cross cell membranes, and understanding passive membrane permeation is therefore crucial
for rational drug design. Molecular dynamics simulations offer a powerful way of studying permeation at the single molecule level. Starting
from a computer model proven to be able to reproduce the physical properties of a biological membrane, the behaviour of small solutes and
large drugs in a lipid bilayer has been studied. Analysis of dihedral angles shows that a few nanosesconds are sufficient for the simulations to
converge towards common values for those angles, even if the starting structures belong to different conformations. Results clearly show that,
despite their difference in size, small solutes and large drugs tend to lie parallel to the bilayer normal and that, when moving from water
solution into biomembranes, permeants lose degrees of freedom. This explains the experimental observation that partitioning and permeation
are highly affected by entropic effects and are size-dependent. Tilted orientations, however, occur when they make possible the formation of
hydrogen bonds. This helps to understand the reason why hydrogen bonding possibilities are an important parameter in cruder approaches
which predict drug absorption after administration. Interestingly, hydration is found to occur even in the membrane core, which is usually
considered an almost hydrophobic region. Simulations suggest the possibility for highly polar compounds like acetic acid to cross biological
membranes while hydrated. These simulations prove useful for drug design in rationalising experimental observations and predicting solute
behaviour in biomembranes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction solute behaviour inside biological membranes is then crucial
for subcellular pharmacokinetics and rational drug design

For most of the routes of administration, cell membrane [1].

permeation is required for a drug molecule to reach the
general circulation. Even after direct injection or even if the
drug can permeate via the paracellular route in the
extracellular space, it soon encounters cell membranes to
be crossed in order to reach its biological target which is
usually represented by a protein inside the cell cytoplasm.
Most drugs cross cell membranes by passive permeation
without the help of protein carriers, unless they are
analogues of physiological substrates. An understanding of
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Functional cell membranes are fluid mosaics of proteins
within a lipid bilayer matrix [2]. Experimental and
theoretical models for biological membranes, especially
when studying solute permeation, are therefore phospho-
lipid bilayers. Among them, extensive data have been
collected for the dipalmitoylphosphatidylcholine (DPPC)
bilayer. Recently, several ns-long all-atom MD simulations
have been performed in our laboratory [3,4] investigating
the permeation process of eight small organic compounds
in a DPPC membrane. The eight solutes represent the most
common chemical functional groups: acetamide, acetic
acid, benzene, ethane, methanol, methylacetate, methyla-



2 D. Bemporad et al. / Biochimica et Biophysica Acta 1718 (2005) 1-21

mine, water. Simulation results show in general a good
correlation between the free energy in the centre of the
membrane with the experimental free energy of partition-
ing for the solutes between water and hexadecane. The
notable exception to this rule is for benzene, which,
because of its size, is sensitive to the lateral packing in the
lipid bilayers, supporting the view that biomembranes do
not always behave like bulk solvents. With the exception
of water, the diffusion coefficients of the molecules are
broadly similar. Surprisingly, calculated diffusion coeffi-
cients inside the bilayer are dependent on solute size to a
lesser extent than in water and the size dependence shown
by permeability is instead to be ascribed to the solute
partitioning. Continuing those studies, the permeation of
three real drugs across the DPPC bilayer has also been
simulated [5]. The drugs are alprenolol, atenolol and
pindolol, belonging to the class of P-adrenoreceptors
antagonists. The simulations perfectly reproduce the
experimental ranking of the permeability coefficients, and
free energy calculations show that partition coefficients
between water and 1-octanol overestimate the drug ability
to dissolve into the membrane.

The advantage of MD simulations over conventional
experiments is that the contributions from the different
regions of the lipid bilayer, that is free energy, diffusion and
local resistance as a function of depth, can be studied at a
molecular level, whereas experimental models can only
approximate the membrane as a uniform barrier slab.
Further analyses of the simulations mentioned above are
presented here. While the previous articles [3—5] focused on
the calculation of the relevant physical properties, the aim of
this paper is to investigate the behaviour of the drugs and
the small organic compounds inside the membrane with
atomistic detail. Therefore, flexibility, mean orientation, re-
orientational correlation times and hydrogen bonds will be
described and, where possible, related to the observed
partition and diffusion coefficients.

2. Materials and methods
2.1. Simulation protocol

The protocol of the simulations is described in detail
elsewhere [3—5]. Briefly, the simulation box contained 72
DPPC molecules arranged in a 2x36 bilayer, together
with 2094 water molecules (full hydration). Lipids and
water were modelled using version 27 of the CHARMM
force field for lipids [6]. An equilibrated starting structure
of the lipid bilayer was kindly obtained from A. D.
MacKerell and S. E. Feller, who participated in developing
the force field. The simulation protocol was the same as
that used in some of the latest Feller’s simulations [6,7].
The LJ potential was switched smoothly to zero over the
region from 10 and 12 A. Electrostatic interactions were
calculated via the Particle Mesh Ewald (PME) method

using a k value of 0.23 and a fast-Fourier grid density of
~1A~'. The real space part of the PME summation was
truncated at 12 A. The SHAKE algorithm [8] was used to
constrain all covalent bonds involving hydrogens. The
leap-frog algorithm [9] was employed to solve the
equation of motion with a time step of 2 fs. A neighbour
list, used for calculating the LJ potential and the real space
portion of the PME, was truncated at 14 A and updated
every 50 fs. Coordinates were saved every ps for
subsequent analysis. Three-dimensional periodic boundary
conditions were applied. Only the cell length normal to the
membrane (L,) was allowed to vary during the simulation
to maintain a constant normal pressure (Py) of 1 atm. The
other cell dimensions (Lx and L,) were kept fixed to
maintain a constant surface area per lipid (4) of 62.9 A”.
The pressure was maintained by the Langevin Piston
algorithm [10] with a mass of 500 amu and a collision
frequency of 5 ps™'. The temperature (7)) was maintained
at 50 °C, well above the phase transition temperature of
DPPC bilayers, by means of the Hoover thermostat [11]. A
value of 1000 kcal ps~' was used for the thermostat
(fictitious) mass. The ensemble was therefore NPyAT. The
reliability of this ensemble in the context of these
permeation calculations has been discussed elsewhere
[3.4].

Small solutes and drugs were free to move on the x—y
plane, but constrained at chosen distances from the bilayer
centre (z depths) using the so-called z-constraint algorithm
[3—5,12—14]. This allowed for the calculation of the force
acting on the centre of mass of the permeants at different
depths in the lipid bilayer. From that, the free energy
difference between the water phase (outside the membrane)
and those depths was directly accessible, and from the force
instantaneous fluctuations, the local diffusion coefficients at
those depths could be calculated. Eventually, the perme-
ability coefficients of the solutes and drug molecules across
the DPPC bilayer was obtained and their relative values
found to agree favourably with available experimental data.
The methods employed to insert solutes and drugs inside the
DPPC membrane and to generate starting structures were
described in the previous papers [3—5]. Those aspects of the
methodology that are relevant to the results reported here
will be briefly described. Different solutes and drugs were
studied in separate simulations, but a few membrane depths
were sampled in the same simulation to reduce the
computational expenses while ensuring no solute—solute
or drug—drug interaction occurred. For the large drugs,
different orientations with respect to the membrane and
different internal conformations of dihedral angles were also
sampled. The P-blockers under study have six dihedral
angles which were expected to be difficult to sample
adequately. They, together with the structures of the drugs,
are depicted in Fig. 1.

Therefore, representative drug conformations were care-
fully chosen and used as starting structures in separate
simulations. Monte Carlo simulations in implicit solvents
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Fig. 1. Drug molecules (top) and their critical dihedral torsions (bottom). @1=1-2-3-4, $2=2-3-4-5 ¢3=5-4-6-7, P4=4-6-7-8, P5=6-7-8-9.

were used to determine the most populated conformations
[5]. These conformers are reported in Table 1, with names
for dihedral angles as in Fig. 1.

The P-blockers are elongated molecules and it was not
expected that full rotation would be observed inside the
DPPC bilayer. Therefore, each combination of drug con-
former and membrane depth was sampled twice: once with
the drug having the aromatic ring initially oriented towards
the middle of the bilayer and the isopropylamine fragment
towards the water phase, and once with the aromatic ring
initially oriented towards the membrane exterior and the
isopropylamine fragment towards the interior. However, the
drugs were free to rotate during the simulations. If we name
the aromatic ring as the drug head and the main chain as the
drug tail, it is convenient to refer as up the orientation

Table 1

The most populated combinations of dihedral angles

Drug o1 @2 @3 P4 @5 D6
Alprenolol 292.5 82.5 180.0 300.0 127.0 202.5
Atenolol 292.5 82.5 180.0 300.0 127.0 202.5

292.5 82.5 180.0 300.0 127.0 235

292.5 82.5 180.0 300.0 307.5 202.5

292.5 82.5 180.0 300.0 307.5 235

292.5 300.0 180.0 300.0 127.0 202.5

292.5 300.0 180.0 300.0 127.0 235

292.5 300.0 180.0 300.0 307.5 202.5

292.5 300.0 180.0 300.0 307.5 235
Pindolol® 300.0 292.5 180.0 285.0 292.5
82.5 292.5 180.0 285.0 292.5
82.5 292.5 180.0 180.0 240.0

# For pindolol, the side chain is a rigid ring and there is no ®6.

where the drug head is towards the membrane exterior and
down the orientation where the drug head is towards the
centre of the bilayer.'

All the simulations were run in parallel with 4
processors, using version 27 of the CHARMM software
package [15], which was modified to introduce the z-
constraint described above. The simulations were run on
different Linux PC clusters with either 1 GHz Pentium III,
1.5 GHz Pentium 1V, or 1.4 GHz AMD Athlon.

3. Results and discussion
3.1. Four region model

Since the membrane has a very inhomogeneous character
when moving from one side to the other, each individual

! We are aware that the nomenclature usually applied is drug scaffold and
drug side chain, but in the context of these simulations the use of drug head
and tail is preferred. There are several reasons. Such terms recall those
commonly employed for the surrounding lipids and this is useful when it
comes to investigate drug—lipid interactions. Given the shape of the three
-blockers , the head and tail definitions are straightforward to understand
and visualise. The name side chain here would create misunderstanding
because of the presence of the second shorter chain on the aromatic ring of
the drugs. Since the part of the drug molecule which is in common between
-blockers in general comprises the (3-(N-isopropyl)amino-2-idroxy)-
propyl chain together with the aromatic ring, the term scaffold would
not be as effective for defining the two fragments separately as head
and tail. We therefore ask the reader to accept our more physical
nomenclature.
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leaflet has been split into four regions as described in
previous publications [13,14]:

Region 1: low headgroup density, 20 to 27 A from the
bilayer centre.

Region 2: high headgroup density, 13 to 20 A from the
bilayer centre.

Region 3: high tail density, 6 to 13 A from the bilayer
centre.

Region 4: low tail density, 0 to 6 A from the bilayer
centre.

The same distinction between membrane regions has
been adopted here in the interpretation of the permeation

results. In what follows, unless indicated otherwise, the x-
axis of all plots are along the bilayer normal, i.e., they report
the z depths at which the molecules were constrained. The
four regions into which each leaflet can be divided are also
separated by vertical lines. Each lipid monolayer thickness
is about 27 A and further from the bilayer centre there is
bulk water. A snapshot of the lipid bilayer from these
simulations is reported in Fig. 2 together with a plot
showing the lipid atom density distribution along the bilayer
normal.

Comparisons between simulations of pure DPPC bilayers
and simulations of DPPC/permeant systems (data not
shown) indicate that the order parameters of C—H bonds
along the lipid chains are not affected by the presence of
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Fig. 2. Top: atom density profile. Bottom: snapshot of bilayer; blue are nitrogen atoms, red oxygen atoms, orange phosphorus atoms, cyan carbon atoms;

hydrogens are omitted.
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solutes or drugs. No differences in order parameter were
found by Klein et al. in a simulation of 4 halothane molecules
in a bilayer of 64 DPPC molecules [16]. Experiments reveal a
decrease in order parameter only at high solute concentration
[17]. Also, the peak-to-peak distance of the electron density
along the bilayer normal with and without permeant
molecules from simulations performed in our laboratory are
well within the experimental range for pure DPPC bilayers
[7]. Similar results were found by Stouch et al. when
simulating a drug analogue in a bilayer of 36 DMPC
molecules [18]. Therefore, it can be concluded that the
bilayer structure is not disrupted after insertion of the p-
blockers or the small organic compounds. After adminis-
tration, these drugs are unlikely to saturate cell membranes.
Even if this were to happen, however, related simulations of
high concentrations of pentachlorophenol in a membrane
suggest that the effect on the order parameters would be small
[41]. Therefore, the situation modelled in this study can be
thought of as representative of the in vivo conditions.

3.2. Solute flexibility

The small organic solutes are rigid molecules. Among
the internal degrees of freedom, only the three drugs show
interesting results.

3.2.1. Population of dihedral torsions

Owing to the density of the lipid bilayer environment, it
was thought that drug dihedral torsions may not rotate
significantly during the simulations. This is why the most
representative dihedral conformations were selected and
simulated separately. At the end of the drug/membrane

simulations, it is interesting to examine the history of these
torsions. It is likely that the simulations were not long
enough to converge the equilibrium distribution of these
angles, but some conclusions can be drawn.

The implicit solvent studies described earlier yielded
slightly different results among the three drugs regarding the
most populated conformers along the drug tail, which is
present in all the molecules [5]. In contrast, the drug/bilayer
simulations yielded identical dihedral populations for all the
drugs. The populations of dihedral torsions @1, @3, &4 and
@5 along the drug tail are remarkably similar among the
three drugs and the different z depths. The populations of
these dihedrals are shown in Fig. 3 after averaging over the
three drugs and the six z depths. For clarity, the standard
errors on the averages are also presented.

Different conformers for each dihedral angle were used
as starting structure for separate simulations, but in the end
all conformers yielded the same population distribution in
all the independent simulations. Fig. 3 also shows that each
dihedral torsion essentially prefers one angle only. This
suggests that implicit solvent simulations are not sufficiently
accurate to describe the angle distribution of these dihedrals.
Only the prediction of @3 was accurate (i.e. 180°). For each
of torsions @1, ®4 and @5 more than one value was
predicted, and these values were different from the most
populated in the lipid bilayer (i.e. 180°).

Alprenolol and atenolol also have a side chain, whose
first torsion, here called @6, yielded similar results to those
in the main chain: the same distribution is found in both
drugs and at all depths. However, in contrast to the dihedral
torsions along the drug tail, @6 has two major conforma-
tions, one at around 30° and one at around 210°, the former

/ arbitrary units

population

0 120 240
dihedral angle / degrees

Fig. 3. Population of drug tail dihedral torsions @1, @3, @4 and 5.
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Fig. 4. Population of drug tail torsion @2.

with a broader distribution. In this case, therefore, the
implicit solvent simulations of atenolol yielded correct
results for both the values of the angle and the number of
preferred conformations.

Along the drug tail, @2 has a unique behaviour in the
drug/bilayer simulations. This torsion has a similar pop-
ulation for all three drugs, but adopts two different
conformations at different z depths. This is shown in Fig.
4. Again, the populations reported in the figure are derived
from averaging the results from the three drugs, since no
significant differences exist between them. The standard
errors are similar to those reported in Fig. 3.

It is clear that moving from the water phase towards the
bilayer centre, values of around 180° become less and less
populated, while values around 300° are more and more
preferred. For this torsion, implicit solvent simulation could
only find populations at 80° and 300°.

Combining the above information about the dihedral
torsions, the two main drug conformations are drawn in Fig.
5: one preferred closer to the water/lipid interface, and one
preferred closer to the bilayer centre.

It is clear that moving from the water phase to the bilayer
centre these drugs become more elongated. This also has
important consequences for the internal hydrogen bonds
along the drug tail, as will be described later. Another
important conclusion is that there was no real need to locate
important conformers using implicit solvent and to simulate
all of them in the lipid bilayer, since all yielded the same
angle distributions in the end. Only one conformer needed
to be simulated at each z-depth in the up and down
orientation for each drug, reducing considerably the number
of simulations required. This could not have been deter-

mined a priori, but this conclusion makes future work easier
and computationally less demanding.

Simple conformational analysis of the three drugs
simulated here was performed by Palm et al. in vacuum
[19] and in chloroform and water, using a continuum
representation of the solvent [20]. Details concerning some
of the dihedrals are reported for the calculations in vacuum
only. Only the value of torsion @4, which is mostly around
180°, agrees in both Palm’s publication and in this lipid
bilayer. Results for @2 and @3 disagree. The difference in
the value of ®2 also has consequences for the intra-
molecular H-bonds, as will be explained later.

3.3. Hydrogen bonds

The hydrogen bonding ability of the drug molecules is
important because it is often correlated with drug partition-
ing in organic solvents and drug permeability. The following
criteria were adopted for the identification of an H-bond
[21]: the distance between the donor and the acceptor atoms
(oxygen or nitrogen) is less than or equal to 3.25 A and the
angle between the vector linking acceptor and donor atoms
and the donor—hydrogen bond is less than or equal to 35°.
For the three B-blockers , both external (intermolecular) and
internal (intramolecular) H-bonds occur. For the small
organic compounds, only external H-bonds are possible.

3.3.1. H-bonds for the small solutes

The number of H-bonds between the permeants and the
surrounding waters and lipids is plotted in Figs. 6 and 7 as
a function of depth. The number of H-bonds involving a
molecule is counted during the simulation and then
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Fig. 5. The two major drug configurations. Drug side chains, hydrogens and
the two —CHj groups forming the isopropyl fragment at the end of the drug
tail are not shown for clarity.

divided by the number of coordinate sets analysed. The
numbers plotted in Figs. 6 and 7 are thus the mean
numbers of H-bonds per simulation frame, or in other
words the mean instantaneous number of H-bonds. These
are also averaged over the five identical solutes which are
constrained at the same z depth in separate simulations
and, from the differences between them, the standard
errors are obtained.

Despite the strong polarization of the O —H bond, which
is modelled in atomistic simulation with a charge of —0.834
e on the oxygen and +0.417 e on the hydrogen, water is not
always the solute involved in the largest number of H-
bonds. Nitrogen-containing solutes, namely acetamide and

regions: 4 3

methylamine, generally form more H-bonds than oxygen-
containing solutes, namely acetic-acid and methanol,
although the differences are very small.

It should be noted that H-bonds between polar permeants
and water are non-zero even in the hydrocarbon core of the
membrane (regions 3 and 4), although their number is much
lower than closer to the interface (regions 1 and 2). The
hydration in the middle of the bilayer was analysed in
further details for one of the simulations involving acetic
acid, since that gave an extremely long-lived H-bond with
water at the bilayer centre (z=0). At the end of the
simulation, a column of water molecules enters the
membrane and reaches the acetic acid molecule as depicted
in Fig. 8.

The acetic acid orients its polar fragment towards the
water/lipid interface and towards the water column. A
hydrogen bond network is clear: oxygen and hydrogen
atoms alternate in the column. After studying the “history”
of the water column, it was found that a single water
molecule entered the hydrocarbon core, reaching the acetic
acid in the middle of the membrane and H-bonding to it.
This occurred 0.55 ns after the beginning of the simulation.
This “complex” was very stable and lasted for about 1 ns.
For 0.6 ns, the complex freely rotated around the solute
centre of mass and moved on the x—y plane, then other
water molecules began moving towards the water/acetic
acid complex, which at that moment was oriented with the
water towards the headgroup region. After 1.3 ns from the
beginning of the simulation, a first column of water was
formed, similar to that of Fig. 8. After this, the complex
stopped rotating and reduced its motion in the x—y plane.
After another 0.2 ns, this first column was disrupted and
only two water molecules remained hydrogen-bonded to the

bulk water

(]

1.5 T T T

0.5+

number of hydrogen bonds with lipids

| —— acetamide
-T* H — acetic acid

i —— methanol

! — methylamine
i — water

20 27

distance from the bilayer centre / A

Fig. 6. Hydrogen bonds between small organic solutes and surrounding lipids.
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Fig. 8. Hydration of acetic acid. The water layers on the two sides of the membrane are shown. For clarity, lipids are omitted. Acetic acid and water molecules
forming a column hydrating the solute are highlighted.
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acetic acid in the middle of the bilayer, including the first
which reached the solute 0.9 ns earlier: one molecule
hydrated the carbonyl oxygen of the acetic acid and the
other hydrated the hydroxyl group. This new three-
membered di-hydrated complex was again free to rotate
around the centre of mass of the acetic acid and to move in
the x—y plane. After another 0.2 ns, a second column of
water was formed, but this time with water molecules
belonging to the opposite side of the bilayer. This column of
water was still present at the end of the simulation.
However, the individual water molecules in the column
exchanged their relative positions, some left and new water
molecules arrived. The closer the water to the acetic acid,
the longer it stayed in the column. The first water reaching
the solute remained complexed for about 1 ns, until 1.55 ns
after the simulation started. Eventually, it swapped its
location with the second water in the column twice in the
space of 0.1 ns, and then finally left. Remarkably, it moved
towards the opposite side of the bilayer to that from which it
entered. Therefore, in less than 2 ns, this water molecule
crossed the entire thickness of the lipid membrane. The
history of the column of water molecules is shown in Fig. 9.

Similar water fingers entering the membrane and
hydrating permeating solutes were also found by other
workers in a simulation of valproic acid in a DPPC bilayer
[22]. These observations suggest that acetic acid may in fact
permeate biological membranes as a dimer either with water
or with another acetic acid molecule. Such behaviour may
also be a common feature of all highly hydrophilic
compounds and may facilitate the permeation process. We
would like to stress that the water molecules were not
dragged during the simulation, they spontancously found

their way into the membrane core. Nor was acetic acid
pulled from a location in water to the location at the bilayer
centre carrying its hydration shell with it (like in the valproic
acid study by other workers [22]), but rather the starting
structure was generated separately with the solute com-
pletely surrounded only by the lipid hydrocarbon chains.
Water thus diffused to hydrate the solute from the water
phase.

From these simulations, we cannot say in a definitive
way how such water columns would behave when other
biologically relevant molecules like amino acids or sugars
are permeating, or whether the latter molecules would be
able to replace the water in their interaction with drugs
during membrane permeation. In this study, the possibility
for solutes to permeate as small oligomers or to permeate
together with their hydration shell is not addressed and
remains unresolved, although the observations regarding the
column of water do not rule out such mechanisms.

3.3.2. Drug external H-bonds

The mean number of H-bonds per simulation step
between the drugs and water molecules is plotted as a
function of depth in the lipid bilayer at the top of Fig. 10.

For each drug, the total number of H-bonds is plotted
with a solid lines. The contribution of each functional group
is represented as a fraction of the total number and plotted
with a dashed line. The distance between adjacent lines
represents the number of H-bonds formed by the specified
group.

Although the number of H-bonds is very small in region
4, hydration occurs at all depths, showing that some water
penetration of the bilayer core is taking place. This is

water oxygen - acetic acid oxygen distance / A

|

)

0.5 1 2
time / ns
v A\ 4 b4
hydration begins Ist column water 1 and  2nd column
2 swap

Fig. 9. History of the water molecules hydrating the acetic acid constrained in the middle of the bilayer.
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Fig. 10. Top: mean number of H-bonds between drugs and water molecules. Bottom: mean number of H-bonds between drugs and surrounding lipids.
Functional groups:—OH,—NH— and —O— are the hydroxyl, the secondary amine and the ether group respectively along the drug tail; amide and indole groups

are on the side chains.

consistent with the results for the small organic compounds
reported in the previous section. The number of H-bonds with
water involving the drug tail groups is remarkably very
similar among the three drugs and therefore well represented
by the number of H-bonds made by alprenolol, since this drug
does not have any hydrogen bonding groups on its side chain.
As expected, most of the H-bonds on the drug tail involve the
—OH and —NH- groups, while the ether oxygen forms very
few. Moving from the water phase towards the middle of the
lipid bilayer, all the drug tail functional groups decrease the
number of H-bonds with water uniformly. Regarding the side
chains, the indole ~NH— group in pindolol is involved in
about as many H-bonds as the —NH— group in the drug tail.
In total, pindolol forms about 1.5 times the number of H-
bonds of alprenolol. The amide —CO— and —NH, groups
together in atenolol form about as many H-bonds as the three
groups in the drug tail, and in total atenolol forms
approximately double the H-bonds of alprenolol.

The bottom of Fig. 10 reports the number of H-bonds
between drugs and lipids. Since lipids do not have hydrogen
bonding donors, the ether oxygen on the drug tail and the
amide carbonyl oxygen on atenolol’s side chain cannot be

involved in H-bonds with the surrounding lipids. As with
water, the amide group in atenolol forms most of the H-
bonds. For the drug tail, in contrast to what happens with
water,—OH forms many more H-bonds than —NH-.

It can be noted that the number of H-bonds between
water and these drugs roughly reproduces the ranking of
free energies and permeabilities of the three B-blockers [5].
This helps to understand why the H-bonding possibilities
are an important parameter in common QSAR methods
which try to predict the fraction of drug absorbed after oral
administration, or the fraction of drug penetration across the
blood/brain barrier. For the three drugs under study, a trivial
model which simply counts the number of H-bonds could
have given the same permeability ranking as the extensive
simulations and free energy calculations. However, these
simulations do offer significant advantages. First, this trivial
hydrogen bonding model works for the three B-blockers
simulated here but it cannot be guaranteed that it would
work for every drug. Simulations similar to those performed
here can hopefully predict the cases where the trivial H-
bond model will not work. Second, the hydrogen bonding
possibilities are best evaluated by means of MD simulations,
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which take into account the molecular flexibility and
dynamics, rather than by means of static structures
generated from standard chemical geometries. Third, sim-
ulations can possibly work in those situations where the
count of H-bonds is found not to correlate directly with the
permeability ranking, for example, when studying drug
entities which belong to different families and have different
functional groups. Simulations can also help to understand
those cases where the simple count of H-bonds does not
work, since simulations yield atomistic details which are not
accessible from experiments.

3.3.3. Drug internal H-bonds

Owing to the flexibility of the drug molecules, internal
H-bonds between pairs of functional groups can be formed.
No H-bonds could be counted between the side chain
groups (amide in atenolol and indole in pindolol) and any of
the drug tail groups. In the drug tail, no H-bonds were found
between the ether oxygen and the hydroxyl group. In
contrast, some H-bonds involving amine-ether and amine-
hydroxyl pairs were observed. These are shown in Fig. 11,
averaged over all the simulations, at different z depths in the
lipid bilayer. The total number of intramolecular H-bonds is
plotted with a solid line, and a dashed line separates the
contributions from the two pairs.

The number of intramolecular H-bonds varies at different
depths, but considering the error bars, one could argue that it
stays quite constant moving from region 1 to region 4.
Looking at the contributions, the number of H-bonds
involving —NH— and ether oxygen decreases significantly
going deeper into the membrane interior, while the number of
H-bonds involving ~NH— and—OH increases by a similar
amount. The sum of the two effects is that the total number of
intramolecular H-bonds does not change significantly in
different membrane regions. Therefore, from these simula-
tions, the loss of H-bonds between the drug and the
surrounding lipids or waters when moving from the water
phase towards the middle of the membrane is not compen-
sated by an increase in the number of intramolecular H-bonds.

The preference for the —NH- group to form intra-
molecular H-bonds with the ether oxygen when closer to the
interface and with the—OH group when closer to the bilayer
centre is related to the drug conformation, as mentioned
earlier. Closer to the interface the drug is more folded on
itself, the amine and ether groups point on the same side of
the molecule while the hydroxyl faces the opposite side.
Closer to the bilayer centre the drug is more elongated and
the amine group points on the same side as the hydroxyl.
Thus, the coformations reported in Fig. 5 effectively
determine which intramolecular hydrogen bonds can form.
Assuming that the overall drug conformation is more folded
or more elongated because of steric constraints due to lipid
packing, the possibility of maintaining a fairly constant
number of intramolecular H-bonds by varying the pair of
functional groups involved may facilitate the overall
conformational change.

Difficult to explain is the overall higher number of
intramolecular H-bonds for alprenolol (first plot on the left
hand side in Fig. 11). Considering the error bars, the
difference with respect to the other two blockers may be not
significant. However, this seems to be a general trend in all
regions but 4 (the membrane centre). This difference does
not affect visibly the amount of H-bonds with lipids and
waters because the latter are in much larger number, so
arguably it does not make a significant contribution to the
overall permeation mechanism. Although the higher pro-
pensity for alprenolol to form intramolecular H-bonds
remains unresolved, it is interesting to note (see subsequent
sections) that the orientational behaviour of alprenolol in the
membrane also differs from that of the other blockers. It
should also be noted that only atomistic simulations would
be able to resolve these subtle effects.

3.4. Orientation
The orientation with respect to the lipid membrane was

studied for the three drugs and for the largest among the
small organic compounds: benzene, methylacetate, acetic
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acid, acetamide. For the latter, the orientation is for the main
plane of the molecules: the aromatic ring in benzene, the
plane of the four atoms bound to the carbonyl carbon in
methylacetate, acetic acid and acetamide. For the drugs, the
orientation of the aromatic ring and that of the overall
molecule are studied separately. In some of the small
organic solutes, a polar group is easily identifiable and it is
possible to construct a vector connecting that group with the
apolar fragment. The orientation of such a vector is
investigated for methanol, methylamine, acetic acid and
acetamide. For the PB-blockers instead, this is not done, as
polar and apolar groups alternate on both the main and side
chains. For the drugs, therefore, the analysis of such groups
is implicitly included in the hydrogen bond analysis.

3.4.1. Overall orientation of small solutes
A measure of the degree of order in a particular system is
given by the order parameter S:

S=%<3c0829—1> (1)

Here, 0 is the angle between the normal to the principal
plane of each solute and the normal to the lipid bilayer, the
brackets denote an ensemble average. S varies between 1.0
(indicating full order perpendicular to the bilayer normal)
and —0.5 (indicating full order along the bilayer normal). A
value of zero is considered to indicate that full isotropic
motion is occurring. Fig. 12 plots the solute order parameter
as a function of depth in the bilayer. Standard errors are
calculated from the difference of the mean {S) in each of the
individual simulations from their overall average value for
each depth.

It can be seen that moving from the water phase towards
the membrane interior, the permeants tend to be aligned
parallel to the lipid tails. This was expected, since the lipid
molecules are tightly packed because of interfacial con-
straints, and the free space for solute permeation is therefore
parallel to the bilayer normal. For all the compounds, the
greatest disorder, i.e., S closest to 0, occurs in bulk water
and in region 1, as expected. The highest order parallel to
the lipid tails, i.e., S closest to —0.5, occurs in region 3. In
region 4, in the lower part of the lipid chains, the solutes are
preferentially ordered along the bilayer normal but to a
lesser extent than in the upper part of the chains, primarily
because of the lower density and the higher lipid mobility in
region 4. The value of S is closest to —0.5 for benzene,
which is the largest compound among those studied.
However, the difference in order parameter among the
solutes is very small and arguably the size is not the most
important factor determining the solute orientation.

Interestingly, at 27 A far from the bilayer centre, i.e., at
the interface between bilayer and bulk water phase, the
benzene molecule tends to lie on the lipid heads parallel to
the bilayer surface, and this may be related to the behaviour
of the phosphorus—nitrogen vector in the choline fragment,
which tends to lie on the bilayer plane. Remarkably, the

same behaviour was found in simulation studies of indole
molecules inside a POPC bilayer [23]: the order parameter
of these aromatic molecules is reported to be positive in the
headgroup region and negative in the membrane interior,
with values in region 4 closer to 0 than those in region 3.

Results from these simulations therefore suggest that the
solutes have a preferred orientation, to a greater or lesser
extent. This is in contrast to that reported in previous
simulations of benzene molecules inside a DMPC bilayers
[17,24,25]. However, the surface area per lipid in that
system was about 66 A% while here it is 62.9 A% When the
benzene molecule is more tightly packed in the lipid
environment, its orientation is preferentially parallel to the
lipid chains. Moreover, the simulation temperature was the
same as that employed here, but DPPC bilayers enter the
biologically relevant liquid-crystalline phase at 42 °C, while
DMPC enters at 22 °C [26]. When the lipid bilayer is more
fluid, permeants can move and rotate to a larger extent. No
direct experimental studies have been found in the literature
regarding benzene or the other small solutes simulated here.
However, the preferred orientation parallel to the bilayer
normal was reported for long chain alkanes [27,28],
fluorescent probes [29] and drug molecules [30,31].

The findings from these simulations regarding the
preferred solute orientation inside the lipid bilayer agree
with the experimental observation that water/membrane
partitioning is highly affected by entropic effects, as
mentioned in the previous paper [4]. In those analyses,
the theoretical model, which uses the Barclay—Butler
relationship between entropy and enthalpy of solvation,
had no experimental confirmation, since the experiments do
not yield atomic details. In contrast, these simulations offer
such details and support the previous hypothesis: when
moving from water into the membrane, solutes lose degrees
of freedom, because they are forced to stay oriented parallel
to the lipids. For molecules larger than those studied here,
this effect is expected to be even stronger, and so it can be
argued that partitioning into lipid bilayers, and in turn
permeabilities, are also highly size-dependent properties.
This supports the idea that, as reported in the previous
article [4], the size dependence of permeability coefficients
is mainly to be ascribed to size-dependent partitioning
rather than diffusion. That lipid packing affects solute
partitioning into membranes finally explains the signifi-
cantly lower partition coefficient of benzene in the middle
of the lipid bilayer than in hexadecane, as shown
previously [3,4].

3.4.2. Polar group orientation in small solutes

In some of the small organic compounds, a polar vector
is identified as the vector linking the carbon atom and its
heteroatom(s): the C— O bond in methanol, the C—N bond
in methylamine, the vector connecting the carboxyl carbon
with the centre of geometry of the two carboxyl oxygens in
acetic acid, the vector connecting the carbonyl carbon with
the centre of geometry of oxygen and nitrogen in acetamide.
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The direction of the vector is from the carbon towards the
heteroatoms. From the angle between the polar vector and
the bilayer normal, an order parameter was calculated and
plotted in Fig. 13.

In this case, a value of 1 indicates full order parallel to
bilayer normal and a value of —0.5 full order perpendicular
to the bilayer normal. Results agree with those plotted in
Fig. 12: the polar vector is mostly oriented parallel to the
lipid chains, above all in the densest regions 2 and 3. To
understand whether the polar group is oriented towards the
water phase or the hydrocarbon core of the membrane, the

ratio between the z component of the polar vector and its
total length was calculated and plotted in Fig. 14.

This yields the cosine of the angle between the polar
vector and the bilayer normal, in other words the Legendre
polynomial of first order. A value of 1 indicates that the
polar group is oriented towards the water phase and a value
of —1 indicates that the polar group is oriented towards the
middle of the bilayer. A value of zero does not necessarily
mean that the polar vector is oriented perpendicular to the
bilayer normal, but rather that on average there are as many
vectors oriented towards the water phase as towards the
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membrane interior. This is the reason why neither the polar
vector order parameter nor the z/length ratio are sufficient,
when considered alone, to give a complete picture of the
solute orientational behaviour. Interestingly, polar groups
tend to be oriented towards the lipid headgroups when the
solutes are closer to the interface, while they tend to be
oriented towards the centre of the bilayer when the solutes
are in the middle of the membrane. Lipid headgroups are
highly charged and have oxygens available for H-bonds,
so it is thought that short range electrostatic interactions
and local hydrogen-bonding networks may be responsible
for the behaviour of the permeants at the interface.
Moreover, when the polar group is oriented towards bulk
water, the alkyl part can penetrate the hydrocarbon core of
the membrane. This kind of solute orientation is also
reported for drug molecules by both experiments
[30,31,32,33] and simulations [18]. On the other hand, it
is hard to understand the behaviour observed at the end of
region 3 where the polar groups tend to be oriented
towards the centre of the membrane. It is expected that,
when the solutes are in the middle of the bilayer, the
interactions with the headgroups and waters are negligible
and they do not affect the solute orientation. This is indeed
what happens in region 4.

3.4.3. Drug head orientation

The orientation of the aromatic ring representing the drug
head was studied by calculating the Legendre polynomial of
rank 2 (S) for the angle between the normal to the ring plane
and the bilayer normal. Its average over the simulation time
and eventually over the conformers sampled is plotted in
Fig. 15 as a function of z depth in the lipid bilayer.

At z=30.5 A, S is zero for all the drugs. This value
indicates full isotropic motion and random distribution of

atoms. This value was expected because at this position,
drugs are still in the water phase and can freely rotate
around their centre of mass.

Deeper into the membrane S is significantly different
from zero. Owing to the orientation of the lipid molecules
and the tight lipid packing, negative values were expected in
the membrane interior, indicating that the plane of the
aromatic ring parallels the bilayer normal. In contrast,
positive values were also found. For atenolol and pindolol
this mainly occurs in region 2, while for alprenolol, it
happens in region 3. In these cases, the plane of the drug
head lies perpendicular to the bilayer normal. The reason for
this behaviour seems to be the possibility for the drug to
form a larger number of H-bonds, with the differences
between the drugs arising from the different distribution of
polar fragments on the side chains. That drug molecules
prefer to stay tilted with respect to the bilayer normal in
order to optimize their hydrogen bonding with their
environment was observed by Stouch et al. in a simulation
of a nifedipine analogue located near the interface of a
DMPC bilayer [18].

The conclusion is that hydrogen bonding opportunities
should be considered along with steric restraints in
determining the permeant orientation. When hydrogen
bonding sites can be satisfied, the solute prefers to stay
parallel to the bilayer normal, because this orientation does
not require modifying the bilayer’s stable structure. How-
ever, when H-bonds cannot be formed, the lipid molecules
can actually rearrange themselves to make their formation
possible. The experimental observation that solute perme-
ation is reduced in those conditions where the lipid packing
is higher, for example, with increasing concentration of
cholesterol or at lower temperatures [34—38], is explained
on the basis of solute exclusion, i.e., on the basis of more
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work required to form a cavity able to host a solute. These
simulations offer an additional explanation: when lipid
packing is higher solutes cannot optimize their hydrogen
bonding network because they cannot orient themselves to
form the largest amount of H-bonds. This in turn reduces
solute partitioning into the membrane and finally its
permeation.

3.4.4. Drug vector: up and down orientations

The overall drug orientation is studied by investigating
the vector linking the centre of geometry of the drug head
and the centre of geometry of the drug tail. Its orientation is
investigated by calculating the cosine of the angle between
the vector and the bilayer normal. This is the Legendre
polynomial of rank 1 of that angle, and is referred to in these
analyses as the drug vector P;. Obviously P; can range
between +1 and —1. A value of zero indicates either that the
drug lies perpendicular to the bilayer normal, or that it can
freely interconvert its orientation up— down and down—
up without any restrictions. An absolute value of 1 indicates
instead that the drug is completely parallel to the bilayer
normal. The sign has the following meaning: a positive
value indicates the drug is in the down orientation, and a
negative value indicates the drug is in the up orientation.
Results from these simulations are plotted in Fig. 16,
together with a picture of the drug in the up and down
orientation. For each saved coordinate set (one every ps) P,
is calculated and averaged over the full simulation length.
This average is (P,);, with {...), indicating a time average.
For atenolol and pindolol Fig. 16 plots the further average
among the individual conformers with the associated
standard errors. For alprenolol, Fig. 16 plots {(P;), and the
errors are calculated by dividing the single simulation into
frames of 200 ps. When the drug orientation in the starting

structure of the simulation was UP, the average drug
orientation is plotted with a solid line. When instead the
drug was in the DOWN orientation in the starting structure,
the average drug orientation from the simulation is plotted
with a dashed line. Therefore, the terms UP and DOWN
inside the plot legend refer to the orientation in the starting
structure which yielded that plot. The terms UP and DOWN
on the picture of the molecules simply show that when P; is
positive the drug orientation is DOWN and that when P, is
negative the drug orientation is UP.

At the furthest distance from the bilayer centre (z=30.5
A) P, is basically zero in all plots. At this position, drugs
are still in water phase and they can freely rotate.
Studying the time evolution of P; in the single simulations
reveals that the value of zero does not derive from the
drugs lying on the membrane plane, but rather the drugs
have isotropic motions and can freely change their
orientation, with P; spanning over the entire range from
+1 to —1. Between 10 and 20 clear and net interconver-
sions (up—down and down—up) could be counted for
alprenolol (whose simulations lasted 4 ns), and between 5
and 10 interconversions for atenolol and pindolol (simu-
lations lasted 3 ns).

Inside the membrane, a higher degree of order is found.
Here, drug orientation is difficult to study because of the
long time scale of these motions with respect to the short
time scale of computer simulations. In Fig. 16, if the solid
lines do not reach positive values and the dashed lines do
not reach negative values, it means that the drug orientation
in the starting structure (either up or down) is maintained for
most of the simulation and most of the conformers.
However, from Fig. 16, it appears clear that this happens
in the case of atenolol only. Although the starting orientation
is still preferred, even for this drug, up—down and
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down —up interconversions occurred at all z depths. For
alprenolol and pindolol, the starting structure is preferred at
most of the z depths but not all of them, and up— down or
down—up interconversions occurred at all depths. For
alprenolol in particular, the preferred orientation was down
for both starting structures in regions 2 and 3. Although
solid and dashed lines cross the zero line, starting from the
up or the down orientation did not yield the same profile;
the two curves still differ. This suggests that the simulations
were not long enough to draw any conclusion about the
equilibrium distribution of orientations of these drugs inside
a lipid bilayer, explaining why AG(z) profiles from the two
orientations differ [5].

Further important information may be obtained from
these analyses. Looking again at Fig. 16, it can be seen that
on average for atenolol the solid line has higher absolute
values than the dashed line. This suggests that for atenolol
the up orientation is more conserved than the down
orientation. In other words, the drug which possesses a side
chain on its head with a highly polar group able to form a
large number of long-lived H-bonds prefers to stay with the
head up towards the water phase rather than down with the
head towards the membrane interior. The inverse situation
can be described for alprenolol. This drug does not have the
possibility to form H-bonds with the side chain on its head,
but it still has hydrogen bonding ability on its tail. Fig. 16
shows that the alprenolol down orientation, with the tail
oriented towards the water and the head towards the bilayer
centre, is indeed preferred, even when the starting structure
contained an up orientation (in regions 2 and 3). The
situation is somewhere in between for pindolol. It can form
H-bonds with the side chain on its head, but not as many as
the amide group on atenolol. In the end, the curves for
pindolol are more similar to those for atenolol than to those
for alprenolol.

These findings agree with experimental observables that
predict a drug orientation inside biological membranes such
that the hydrophobic parts of the molecules are placed

towards the membrane interior and the hydrophilic ones
towards the lipid/water interface [30—33,39]. The drug
vector orientation is also in agreement with the drug head
orientation described in the preceding section.

3.4.5. Drug vector: parallel or perpendicular to bilayer
normal

Drug orientation is not however completely described by
the value of P;.

When several conformers are studied for the same drug
at the same z depth and with the same starting orientation
(up or down), as was done for atenolol and pindolol, in
one simulation the molecule may stay in the same
configuration as in the starting structure and then
interconvert just in the very last steps, whereas in another
simulation it may interconvert just a few steps after the
beginning and stay in the new orientation for the rest of
the simulation. The average orientation from the two
simulations would then predict (P,) =0, i.e. either that the
drug lies perpendicular to the bilayer normal or that it
experiences isotropic motions. The first interpretation is
not true, as in both simulations the individual P; values
were close to +1 and —1 respectively. The second
interpretation is not true either, as one interconversion
only occurred in the simulations and one cannot conclude
that the drug molecules can freely rotate. Only the error
bars can give an indication that these interpretations are
too simplistic.

The conclusion is that (P;), plotted in Fig. 16 can only
indicate if on average the drugs are in the up or down
orientation and if they maintain the orientation of the
starting structure. To know whether they tend to stay
preferentially parallel or perpendicular to the bilayer
normal, the order parameter of the drug vector is more
appropriate. The order parameter of the drug vector is here
called P, and is calculated in the same way as for the drug
head, i.e., from the Legendre polynomial of rank 2 of the
angle between the drug vector and the bilayer normal. A
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value of P, equal to 1 indicates that the drugs are aligned
parallel to the bilayer normal, a value of —0.5 indicates that
the drugs lay parallel to the bilayer surface. P, values are
plotted in Fig. 17, together with a picture showing the
meaning of the values.

At z=30.5 A, all three drugs have P,~0, confirming
that (P,),=0 at that z depth was really due to isotropic
motions. Inside the membrane, most of the values are
positive, meaning that the drug molecules tend to parallel
the bilayer normal. However, these values are small and
many negative values are present in the plots. This indicates
that on average, the drugs are tilted with respect to the
bilayer normal. Such an orientation was also found by
Stouch et al. in a simulation of a drug analogue in a DMPC
bilayer [18], and also agrees with the behaviour observed for
the drug head reported earlier. The same explanation may
apply for the drug vector: the molecules orient themselves in
the membrane to optimize their H-bonds.

Considering P, and P; plots together, the conclusions
are: drugs are mainly tilted with respect to the bilayer
normal, up—down and down—up interconversions are
possible, and the preferred drug orientation is such as to
maximise the number of H-bonds.

3.5. Orientational times

The ability of the small organic compounds to rotate
around their centre of mass at different depths in the
membrane was measured from the time autocorrelation
function of the vector along the normal to the molecular
plane. This is the same vector which was used in the
previous section to calculate the angle 0 with the bilayer
normal and finally the order parameter S (Eq. (1)). The
reorientational times for the P-blockers were studied by
investigating two types of motions: those of the aromatic
ring representing the drug head and those of the drug vector
representing the overall drug orientation. Since the drug

bilayer bulk
regions: 4 3 2 1

models were fully flexible, these two motions are in
principle independent.

3.5.1. Small solute orientational times
The following time autocorrelation functions were
studied:

C(r) = (P[0 (0)]) (2)

P, is the Legendre polynomial of rank 2 and f" is the unit
vector along the normal to the molecular plane as defined
previously to calculate the angle 0 with the bilayer normal
(see Section 3.4.1). The equation turns into:

C(t) = %<3coszoc -D (3)

where o is the change in angle between ' at time ¢ and at
time 0. The resulting time autocorrelation functions were
then fitted with single exponentials of form:

C(1) = C(0)exp( — t/7) (4)
From the fitting, the relaxation times, t, for solute
reorientation were obtained and plotted in Fig. 18. A
general trend is observed: as expected, T increases entering
the membrane and reaches its highest values in regions 2
and 3, the densest parts of the bilayer. Benzene has the
highest values of 7, since it is the largest permeant and its
rotations in the packed lipid environment are the most
difficult. The standard errors in Fig. 18 were calculated from
the differences of the five independent simulations from
their average. This shows that for the longest ts, the
variability between the five simulations was the highest.
Benzene diffusion in the hydrocarbon region has been
previously simulated by Stouch et al. [17]. Reorientational
correlation times in that publication were found to be ~25 ps.
These simulations yield values of the same magnitude in
region 4. However, in region 3 these simulations yield values
3 to 4 times higher. This is associated with the more restricted

bulk bulk
2 waler

0.6

0.4

drug vector P,

|
-
1L

|
.1

|

I

N

0 6 13 20

distance from the bilayer centre / A

Fig. 17. The order parameter of the drug vector as a function of depth in the bilayer.
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Fig. 18. Solute reorientational correlation times as a function of depth in the membrane.

benzene sampling observed in these studies, as explained in
Section 3.4.1 regarding the differences in surface area and
temperature between these and Stouch’s simulations.

That inside the membrane orientational times are much
longer than in water solution gives a molecular interpreta-
tion to explain the experimental observation that water/
membrane partitioning is highly affected by entropic effects,
as mentioned in the previous paper [4]: moving from water
into the membrane does cause a loss of degrees of freedom
for the permeant molecules. This is also consistent with the
significantly lower partition coefficient of benzene in the
middle of the lipid bilayer than in hexadecane, as shown in
the previous papers [3,4]. It is also noted that correlation
times for small solute reorientations inside the lipid bilayer
are longer than the correlation times of the force instanta-
neous fluctuations employed in the calculation of diffusion
coefficients [3,4].

3.5.2. Drug head orientational times

As previously mentioned, the drug head orientation was
studied in terms of the angle between the normal to the
aromatic ring plane and the bilayer normal. Time autocor-
relation functions were constructed using Egs. (2) and (3).

Time autocorrelation functions could be fitted with a
double exponential for z=30.5 A (i.e., when drugs are still
in water), with two characteristic decay times 7j,,, and
Tshore- Inside the membrane, triple exponentials were
required for a complete description of these motions, with
a third decay time tg;,. Correlation coefficients were all
higher than 0.97. The results for all drugs were very similar.

Tshort 18 between 0.5 and 5 ps and it corresponds to the
oscillations of the aromatic ring around a stable orientation.
Tiong 18 instead related to significant orientational changes

and is between 10 and 100 ps. g, is in the order of
magnitude of several hundreds of ps and in some cases a
few ns, even longer than the total simulation. This decay
time is difficult to interpret, but it seems to be related to
drastic changes such as the interconversion of drug
orientation from up to down or vice versa. Probably, it is
not the case that at z=30.5 A aip does not exist, but rather it
is simply as fast as other motions and is hidden by, for
instance, Tiong. If fitting is done with triple exponential at
z=30.5 A too, it is seen that indeed Tiong and g, have
similar values.

From these simulations, there is no direct correlation
between location inside the membrane and decay times.
This suggests that either the statistics are very poor, or that
drug head motions have on average similar times at all
depths. The first hypothesis could be true for 7y, since it is
very long or even longer than the whole simulation, but is
less likely for Tiong OF Tshort.

3.5.3. Drug vector orientational times

The same time autocorrelation function was employed
for studying the reorientational time of the drug vector. In
this case, u is the unit vector of the drug vector.

The same results obtained with the drug head were also
obtained with the drug vector. Time autocorrelation func-
tions could be fitted with a double exponential at z=30.5 A,
while they required triple exponentials inside the membrane.
Similar values for the three decay times were found and they
were related to the same type of motions. It seems then that
drug head and vector are closely related, since their motions
have identical characteristic times. Looking again at Fig. 5,
it is easy to understand a possible reason for this behaviour.
The picture shows the preferred drug configurations. It is
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clear that the drug is preferentially elongated and any time
its head changes orientation with respect to the bilayer
normal the same change in orientation occurs for the drug
vector, or vice versa. If one calculates the normalized time
autocorrelation function of the difference between the angle
formed by the drug head with the bilayer normal and the
angle formed by the drug vector with the bilayer normal, at
z=30.5 A, a decay time around 50 ps is obtained, but in the
membrane interior it is in the ns time scale. This confirms
that the two molecular fragments have correlated motions in
the membrane interior.

As for the small organic solutes, for the larger drug
molecules it appears that the correlation times for reorienta-
tional changes inside the membrane are much longer than
the correlation times of the force fluctuations employed in
the calculation of diffusion coefficients [5]. Consequently,
the two types of correlation times must reflect two different
and uncoupled types of motion.

4. Conclusions

In this paper, the atomic behaviour inside a phospholipid
bilayer was investigated for small organic solutes and three
drugs belonging to the class of 3-adrenoreceptors antago-
nists by means of MD simulations.

Despite their differences in size, all the small organic
compounds, to a greater or lesser extent, tend to permeate
the lipid bilayer with a preferred orientation parallel to the
bilayer normal, above all in the densest part of the
membrane. Polar groups are preferentially oriented towards
the lipid headgroups, where they can be involved in
hydrogen-bonds. Hydration has also been observed in the
middle of the membrane, which is usually considered an
almost completely hydrophobic environment.

Inside the membrane, both the drug head and the drug
tail tend to stay parallel to the lipid molecules. However,
perpendicular orientations and up — down and down—up
interconversions do occur during the simulations to make
possible the formation of H-bonds between both the drug
tail and the drug side chain with the surrounding lipids and
waters. [sotropic motions are observed in the water phase. In
the membrane interior, however, correlation times for drug
reorientation are of the order of a few ns. From these
simulations, hydrogen bonding possibilities seem to be as
important as steric constraints in determining the drug
behaviour inside the membrane. The importance of H-bonds
is recognised in drug design to be one of the most critical
factor affecting drug absorption [40].

Analysis of dihedral torsions shows that the drugs tend to
stay elongated inside the lipid bilayer. Only at the very end
of the drug tail is there significant variation, with the drugs
staying more folded closer to the interface, or more
stretched closer to the bilayer centre. This has important
consequences for the intramolecular hydrogen bonds, with
different pairs of functional groups involved depending on

the drug conformation. The preference for the drug to stay
elongated also makes the motions of its head (an aromatic
ring) and its tail (a hydrocarbon chain) strongly correlated
and with similar decay times. Simulations starting with
different dihedral angle values yield at the end similar
populations, suggesting that a few ns of simulation gives
reliable sampling of the drugs’ internal degrees of freedom.
This work also shows that implicit solvent studies as used
here, and presented elsewhere [5], are not required to select
drug conformers, and that they are not able to yield the
correct angle distributions in the condensed phase.

During the submission of this manuscript, a similar work
was published by Tieleman et al. [41]. There, no free
energies, diffusion coefficients or permeability coefficients
were calculated, but instead the distribution of pentachlor-
ophenol inside two different unsaturated lipid bilayers was
obtained by standard molecular dynamics simulations. By
allowing the simulations run for 25—35 ns, different starting
distributions of pentachlorophenol inside and outside the
membrane converged to essentially the same distribution,
which then was stable over another 15—25 ns. The solute (a
biopollutant) preferentially occupied the region between the
carbonyl groups and the double bonds in the acyl chains. In
agreement with the findings from our simulations, penta-
chlorophenol tended to be aligned parallel to the bilayer
normal, formed H-bonds with surrounding lipids and water
molecules, and entropy opposed its water/membrane parti-
tioning. Even though the solute was in high concentration,
the effect on lipid order parameters and bilayer thickness
was small, but the tilt of lipid molecules decreased.

A comment is required regarding the use of a temperature
of 50 °C for these simulations. This temperature is necessary
for DPPC bilayers to be in the liquid crystal and biologically
relevant La phase. Although human cells and cells of other
important organisms live at lower temperatures, they too are
in the La phase, and the model membrane must reflect this.

It should be noted that the present study has only targeted
a pure DPPC bilayer, whereas biological membranes contain
different lipid molecules and proteins. These simulations are
certainly a step forward to investigate the atomic detail of
drug membrane permeation and the next step would be to
include a different membrane model, together with different
drug permeants. Comments on the effects on the overall
permeability coefficients caused by more complex mem-
branes are reported elsewhere [5]. Effects at the molecular
level are more difficult to predict. How the presence of
different lipids or proteins would change for example the
solute orientation or hydrogen bonding patterns is difficult
to infer and would be mainly speculation. For instance, if
the different lipid and protein composition causes a higher
distribution of free volume, the permeant molecules would
have a higher orientational freedom and disorder, thus
reducing the entropy cost of water/membrane partitioning
and increasing the diffusion coefficients. If the membrane
components are more polar or have more hydrogen bonding
groups, polar permeants and hydrogen bonding solutes
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would partition more favourably, but would perhaps have
lower diffusion coefficients because of the stronger inter-
actions with the membrane. Results from this work suggest
that MD simulations of drugs in membranes can help to
rationalise the experimental permeation process in terms of
detailed intermolecular interactions. Although these simu-
lations are not suitable yet for high-through-put screening,
this approach can in principle be associated with rational
drug design, given that computer power is continuously
increasing.
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