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Multinanosecond molecular dynamics (MD) simulations have been employed to characterize the interaction
of an integral membrane protein (IMP), the leucine transmitter from Aquifex aeolicus (Yamashita et al., Nature
2005, 437, 215-223), with hydrated lipid bilayer membranes in their physiologically relevant liquid crystalline
phases. Analysis of the MD trajectories for dimyristoyl phosphatidylcholine (DMPC), 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC), and 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) focused on the
contacts between aromatic and basic side chains of the IMP with the lipid head groups and water. Structural
fluctuations of the IMP were investigated as well as the contact dynamics of neighboring lipids. In characterizing
the IMP-membrane systems, the behaviors of the protein’s cytoplasmic and periplasmic parts are considered
separately. All three lipid membranes show a rather similar overall level of association with the IMP. However,
for DMPC there is a better matching of the membrane core to the hydrophobic transmembrane portion of the
IMP. The closed cytoplasmic end of the IMP exhibits a higher degree of association with lipids than the
more open periplasmic end, an observation which correlates with the more compact structure and a slower
dynamics of surrounding lipids.

Introduction

Integral membrane proteins (IMPs) are typically oligomers
of polypeptide chains, each containing one or more membrane
spanning segments characterized by hydrophobic residues. IMPs
play significant roles in diverse cellular functions such as
transport and signaling.1 The biological relevance of IMPs is
reflected by the 25-30% of a typical genome encoding for these
proteins.2-4 From the biomedical point of view, IMPs comprise
more than 50% of drug targets.5 Despite their importance,
because of the difficulties with extraction and crystallization,
only ∼150 (see http://www.mpdb.ul.ie/ or http://blanco.bio-
mol.uci.edu/Membrane_Proteins_xtal.html) have been resolved
at the atomic level. The structure of IMPs and their function
are influenced by the membrane environment.6 For specific IMPs
it has been demonstrated that the lipid bilayer thickness can
influence activity, domain formation, and sorting of the protein.7-9

In addition, biophysical methods10-12 and crystallography13-15

have been employed to investigate the nature of IMP-lipid
interactions. Specific residues, such as aromatic Tyr and Trp
and positively charged Arg and Lys, have been shown to play
an important role in the protein’s anchorage and orientation.11,16,17

Neurotransmitters such as serotonin, glycine, GABA (γ-
aminobutyric acid), and dopamine are engaged in the transmis-
sion of the nerve impulse through the synaptic cleft. Once
receptor activation occurs, these molecules have to be cleared
from the synapse. The reuptake is carried out by high-affinity
energy-driven membrane transporters located at the presynaptic
terminal. Neurotransmitter sodium symporters (NSSs) use the
sodium (in some cases also chloride) electrochemical gradient
as a driving force to allow the thermodynamically unfavorable
neurotransmitter reabsorption. Dysfunction of these transporters
is related with different disorders: epilepsy,18 depression, and

Parkinson’s disease.19 They are also targets of therapeutic agents
such as anticonvulsants20 or addictive substances, for example,
cocaine and amphetamines.21

The crystal structure of a bacterial homologue of these
transporters from Aquifex aeolicus has been obtained recently.22

Aromatic and basic residues are arranged evenly around the
periplasmic (upper) and cytoplasmic (lower) halves of the IMP
(see Figure 1), at positions that facilitate interaction with
membrane-lipid head groups and thus could serve as anchors.
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Figure 1. Left: shown is a typical snapshot of the neurotransmitter
LeuTAa embedded in the DMPC lipid bilayer taken from the present
MD simulations. The protein’s periplasmic and cytoplasmic halves are
colored in cyan and pink, respectively. The lipids are represented in
yellow (hydrophobic tails) and red (polar head groups). The CR from
the amphipathic aromatic (Trp and Tyr) and basic (Arg and Lys)
residues that form “belts” around the “top” and “bottom” halves of the
IMP are represented in green and blue, respectively. Right: shown is
detail of the IMP-lipid interaction, where both Lys and Arg side chains
(in the space-filling representation) “snorkel” into the lipid-water
interface to be in closer contact with the polar environment provided
by the head groups and water.
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This structure determination of the leucine transporter (LeuTAa)
represents a significant advance toward understanding the
structure-function relationship of the family of NSSs. In this
context, several novel studies have been performed, including
the structure-based alignment of prokaryotic and eukaryotic
NSSs,23 a binding model for the tyrosine transporter,24 the
binding and interaction mechanism of chloride,25,26 and crystal-
lographic analysis of the tricyclic antidepressant (TCA) binding
site in LeuTAa.27,28

Molecular dynamics (MD) simulations have long been
successfully employed to study pure lipid bilayers29 as well as
membrane proteins.30,31 The progress in forcefield development,
parallel computing algorithms, and efficient methods to calculate
electrostatic forces have combined to allow improved sampling
of the slow rotational and translational motions characteristic
of large macromolecules.32-35 Thus, today it is possible to readily
reach MD simulation times of the order of 10-100 ns, which
is sufficient to reveal details of the interaction of the membrane
lipids with membrane proteins.36-38 Accordingly, this paper
reports the results of MD simulations on a NSS embedded in a
lipidmembrane,andthegoalistocharacterizetheprotein-membrane
interactions and relate them to protein fluctuations and
lipid-protein contact dynamics, which is a prelude to future
work attempting to study the protein’s function. Specifically,
we have investigated the interactions of a single IMP, LeuTAa,
in three different lipid membranes, namely, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 2-oleoyl-1-palmitoyl-sn-
glycero-3-phosphocholine (POPC), and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE). Anticipating our
results we will see that the present MD simulations reveal a
significant asymmetry in the protein-lipid interactions between
the extra- and the intracellular domains of the IMP. This finding
is correlated with differentiated stabilization as well as different
surrounding lipid dynamics. These differences could help effect
an alternating access mechanism39 in which the periplasmic and
cytoplasmic regions of the protein, in turn, gain and lose contacts
with the membrane to facilitate neurotransmitter translocation
and transport.

Computational Methodology

Protein Model. The crystallographic structure of the leucine
transporter (Protein Data Bank (PDB) code: 2A65) was taken
as the starting point in the MD simulations. The structure,
obtained with a 1.65 Å resolution,22 shows a molecule composed
of 12 transmembrane segments (TMs). Although these domains
are complete, some residues pertaining to the amino (residues
1-4) and carboxy termini (residues 516-519) and to a loop
on the extracellular side (residues 133-134) are missing. To
link the separated fragments we reconstructed the protein, adding
the residues Asn133 and Ala134. The other missing residues were
not appended. The N- and C-termini of the protein were capped
with the acetyl and N-methyl groups, respectively. Ionization
states of the protein residues were the same as the standard at
pH 7. Besides the protein, the crystallographic structure contains
a leucine molecule and two sodium ions bound within the
protein core, a chloride ion at the protein surface at the
extracellular side, five detergent molecules, and 210 waters. All
of these except the detergent molecules were preserved and used
for the system construction.

Simulation Setup. To compare lipids with different head-
group sizes as well as different tails we employed three
membranes: DMPC, POPC, and POPE. In turn we set up pre-
equilibrated bilayer membranes of each lipid, in which the IMP,
leucine, ions, and crystallographic waters were embedded (see

Figure 1). All lipid molecules that overlapped with the IMP
were removed. The location of the IMP in the membrane
and its orientation were chosen taking into account the belts
of aromatic residues, positioning them parallel to the
membrane and near to the lipid-water interfaces. Using the
Autoionize and Solvate plug-in as implemented in the VMD
package40 the assembly was then hydrated, and sodium and
chloride ions were added to balance the charge of the non-
neutral protein residues. The resultant ion concentration was
∼16 mM. The whole simulation system then comprised one
LeuTAa with leucine buried within it, 24 sodium ions (two
within the IMP), 27 chloride ions, ∼250 lipids, and ∼18 000
water molecules. The overall size of the simulation box was
∼100 Å × 100 Å × 100 Å.

Molecular Dynamics. All MD calculations presented in this
work have been carried out with the NAMD package41 using
the CHARMM2242 and CHARMM2743 force field and the
parameter set for proteins and lipids, respectively. Together with
periodic boundary conditions, SHAKE44 and RATTLE45 algo-
rithms were used to make possible a 2 fs integration time step.
Long-range electrostatics were treated using the smooth particle-
mesh Ewald (PME)46 with a 12 Å cutoff for the real space
calculation. The same cutoff was used for van der Waals
interactions.

After the initial system setup, 5000 steps of energy minimiza-
tion were carried out with the IMP coordinates frozen. Then,
three ∼2 ns equilibration MD runs were performed: in the first,
the IMP was completely frozen, then in the second the side
chains were released, and finally, in the third MD run the whole
system was unconstrained. The configuration provided after the
equilibration runs was employed as the initial structure for
subsequent 20-50 ns production runs.

All of the MD simulations employed constant pressure,
temperature, and number of particles (NPT). To do so, the
temperature coupling methodology associated with the Nosé-
Hoover Langevin piston was used, as implemented in NAMD.
This scheme is a combination of the Nosé-Hoover constant
pressure method47 and the piston fluctuation control by Langevin
dynamics.48 The Langevin damping constant was set to 1 ps-1.
The temperature was held at 310 K and the pressure at 1.01325
bar.

Analysis of MD Trajectories

To characterize the dynamics and the structural relaxation
of the lipids in contact with the IMP we employ an autocorre-
lation analysis49 that is based in ideas developed for hydrogen
bonded liquids.50 To this end, we defined two time correlation
functions (TCFs), namely, the continuous contact time correla-
tions function, S(t), and the intermittent contact TCF, C(t). The
latter is defined as

Here, h(t) ) 1 if a tagged P atom from a lipid head group is
in contact with any part of the IMP at time t, and h(t) ) 0,
otherwise. When calculating the TCFs, we considered that lipid
and IMP were in contact if the distance between the head-group
P atom and any IMP atom was less than Rcut. Since we were
interested in capturing the dynamics of the first layer of lipids
surrounding the protein we pick Rcut ) 3.5 Å which is the
distance from the origin to the first valley of the radial
distribution function for P head-group atoms and IMP. In

C(t) ) 〈h(0) h(t)〉
〈h〉 (1)

13716 J. Phys. Chem. B, Vol. 113, No. 42, 2009 Pantano and Klein



addition this is also the distance used in previous works to define
IMP-lipid contacts.37,38

The continuous contact time correlations function, S(t), is
defined as

Here, the variable H(t) is equal to unity when the tagged P
atom remains continuously in contact with the IMP from time
t ) 0 to time t and zero otherwise.

These two functions depict different dynamics aspects. S(t)
supplies a strict definition of the lifetime of a tagged lipid-IMP
contact, not taking into account those contacts that break and
subsequently reform. In other words, it gives information about
the elapsed time until the first separation happens. On the other
hand, C(t) is independent of the possibility of contact breaking
and yields the probability of a tagged contact being intact at
time t given that it was intact at time t ) 0. This analysis
corresponds to measuring longer time rearrangements of the
contacts, which leads to a final separation of the lipid from the
IMP regardless of all prior disruption and reformation of
contacts.

Results and Discussion

Protein Stability. To monitor the quality of the MD
simulation, we were interested in comparing the drift of the
membrane-bound IMP coordinates from the original X-ray
structure.22 Consequently, we calculated the CR root-mean-square
deviation (rmsd) for the transmembrane (TM) regions of the
IMP. We selected the latter since TM residues are the ones
involved in the IMP-lipid interactions. On the other hand, the
extra- and intracellular loops in contact with water are expected
to be more mobile, and as a consequence it is more difficult to
establish a relationship between an observed drifting in their
rmsd and a relevant structural change. Figure 2 shows the rmsd
for the IMP embedded in DMPC, POPC, and POPE, respec-
tively. In all simulations after a few nanoseconds, the membrane-
bound IMP acquires a stable conformation, with ∼1.5 Å rmsd
from the X-ray structure. We draw two conclusions: on the one
hand, the IMP’s conformation does not seem to change
appreciably in the presence of lipids, and on the other hand,

the IMP’s structural drift is approximately the same regardless
of the nature of the lipid constituting the membrane bilayer.

When the radius of gyration is measured (data not shown), a
similar behavior is again observed: after an initial period of a
few nanoseconds, the average value reaches 22.5 Å2, which is
within 1 Å2 of the crystallographic structure, and once more,
there is no significant difference among the three lipid mem-
branes used. In addition, we monitored the tilt angle of the
principal axis of inertia, which is close to the long axis of the
IMP, with respect to the bilayer normal. The time evolution of
this angle (data not shown) exhibited fluctuations smaller than
5°. Along with the observations made before, the tilt angle
evolution shows no significant differences for DMPC, POPC,
or POPE.

In a recent work, Ivetac and Sansom51 proposed that it should
be possible to use MD simulations as a vehicle to evaluate the
quality of an experimental membrane-protein structure. Fol-
lowing their proposal and taking into account the remarkable
stability in rmsd, radius of gyration, and tilt angle observed for
the IMP LeuTAa embedded in three different lipid bilayers, our
MD experiments suggest that the solid state crystal structure is
indeed consistent with the structure that the protein would have
in a membrane.

Density Profiles. Once the stability of our system has been
demonstrated, we proceed to analyze the structure of the IMP
and the membrane. To this end, the probability densities of
relevant species and local density profile of water, both along
the membrane normal (z), were calculated. The results are shown
in Figure 3.

The probability densities for the lipid head-group P atoms
roughly determine the membrane thickness. The values obtained

Figure 2. Shown are rmsd’s of the backbone CR coordinates with
respect to the crystal structure computed for the LeuTAa protein
embedded in three different lipid bilayer systems: DMPC (red), POPC
(green), and POPE (blue), respectively. Regardless of lipid type, the
membrane-bound IMP exhibits only minor structural drifting that is
smaller than 1.5 Å.

S(t) ) 〈h(0) H(t)〉
〈h〉 (2) Figure 3. Shown are selected probability densities projected along

the bilayer normal (z-axis) for the LeuTAa protein embedded in three
different lipid bilayer systems: DMPC, POPC, and POPE, respectively.
Densities are shown for water (pale blue line) and lipid head-group P
atoms (blue line) as well as basic (red line) and aromatic (green line)
side chains.
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range from ∼35 Å for DMPC to ∼45 Å for POPE and POPC,
respectively. These values are consistent with previous experi-
mental measurements.52,53 However, the P atom distributions
have a bimodal character that is more evident for POPE and
POPC than for DMPC. Inspection of MD snapshots elucidates
this behavior: when the LeuTAa is embedded in POPE or POPC,
the lipid bilayer shows a local contraction around the IMP that
is not observed in DMPC membranes. The necessity of matching
between the host lipid bilayer in the immediate vicinity of a
membrane-spanning protein and the hydrophobic length of its
hydrophobic domain54 is the reason of the contraction. In the
case of POPE or POPC, the unperturbed hydrophobic thickness
of the bilayer is greater than the neurotransmitter hydrophobic
length, which causes the membrane contraction and yields a
wider distribution of the head groups along the z-axis.

For all the systems, the overall probability density profiles
obtained for the aromatic (Tyr + Trp) and basic (Arg + Lys)
residues are very similar in terms of the distribution width and
localization. Thus, the aromatic and basic residues form “belts”,
which are located in the vicinity of the head groups of the lipids.
It has been suggested that the interaction of these belts with
the polar region of lipids is related with the anchoring of the
protein within the flexible membrane.16,55,56 Recent works have
analyzed the interaction of aromatic and basic side chains with
the lipid head groups for different membrane proteins using both
experiments16,57 and MD simulation.36-38,56,58

The water density profile shows little penetration into either
the protein or the membrane. Indeed, at the cytoplasmic end
(Figure 3, bottom) of the IMP, almost no water molecules are
present inside the protein. By contrast, at the periplasmic end
(Figure 3, top), several water molecules are able to reach near
the IMP center. This difference in water penetration implies
that the IMP is in a state in which it is completely closed at the
intracellular end and partially opened at the extracellular end.22

Since we were interested in analyzing the differences in
contacts between the cytoplasmic and the periplasmic ends of
the IMP, for the upcoming analysis we decided to distinguish
between the top and the bottom halves of the IMP (see Figure
1).

Aromatic Residues. As mentioned before, a belt of amphi-
pathic aromatic amino acid residues has been found at both the
cytoplasmic and the periplasmic ends of membrane proteins in
the vicinity of the water interface.57,59-61 In addition, it has been
suggested that the role of Trp and Tyr residues is to anchor the
IMP in the membrane, fixing its orientation by means of
interactions with the lipid head groups and water molecules.16,55

Having located the distribution along the z-axis of the
amphipathic aromatic residues, we have analyzed the time
evolution of the number of contacts between the aromatic Trp
+ Tyr residues and the lipid membrane. As above, we defined
two atoms to be in contact when the distance in between them
was less than 3.5 Å. For the aromatic residues we considered
the Tyr and Trp side chains, and in the case of the lipids we
took into account the head group including the glycerol group.

Figure 4 shows the time evolution of the aromatic side-chain
contact number for the LeuTAa protein in the three different
membranes. For the bottom half of the protein the analysis is
easier; regardless of the lipid nature, in all three cases the
observable fluctuates between values from 20 to 50. At this end,
the aromatic residues do not show a preference for any specific
lipid. Conversely, the number of contacts at the periplasmic end
is not the same value for all membranes, ranging from ∼5 for
POPC to ∼70 for DMPC. The discrepancy is also observed in
the fluctuations of this magnitude; while in POPE and POPC it

fluctuates no more than 15 units, in the case of DMPC changes
of up to 50 units were observed. The order in the number of
contacts was POPC < POPE < DMPC, implying that the thicker
the membrane the poorer the contacts were with the aromatic
residues. The low values for POPC and POPE were expected
considering the moderate distribution overlap for Tyr + Trp
and P, observed in Figure 3 as well as in the small number of
aromatic residues in contact with lipids shown in Table 1.
Nevertheless, the membrane thickness is not the only cause for
the low contact count; there are just a small number of the total
aromatic residues oriented outward, thus substantially reducing
their chances to make contact with lipids.

Consistent with their proposed role of anchors, the aromatic
residues in close contact with the lipid head groups acquired
an orientation such that the ring nitrogen for Trp or the hydroxyl
group for Tyr is directed to the interfacial region. These results
are in agreement with previous MD simulations on membrane-
bound proteins.37 In this way, it allows the interaction of the
hydrophobic region with the lipid chains and the hydrophilic
residues with the charged head groups and also the aqueous
phase.

The interactions of the aromatic residues have been analyzed
further in terms of their centroid separations. Figure 5 shows
the integral of the pair distribution function, g(r), for the
aromatic side-chain centroids. The exhibited data were obtained
for DMPC. At around 5.8 Å the graph shows a rapid rise for

Figure 4. Shown is the number of atomic contacts (<3.5 Å) between
aromatic (Tyr + Trp) side chains and lipid head groups as a function
of time for the upper periplasmic and lower cytoplasmic halves of the
IMP. Results for three different membranes are represented: DMPC
(red line), POPC (green line), and POPE (blue line), respectively.

TABLE 1: Number of Residues Located at the Cytoplasmic
(Bottom) and Periplasmic (Top) Halves of the IMPa

aromatic basic

top bottom top bottom

total 17 16 15 23
DMPCb 3.2 5.0 6.1 12.2
POPCb 1.7 5.0 4.5 10.8
POPEb 2.1 5.2 5.4 11.0

a The total number of each type of residue is indicated in the first
row. The other rows report, respectively, the numbers of such
residues in contact with the lipid head groups. b Time-averaged
number of residues making contact (<3.5 Å) with the lipid head
groups.
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the function corresponding to the bottom part of the IMP, which
is not observed in the one for the top. The emerging physical
image shows a more compact distribution of aromatic side
chains at the cytoplasmic end of the LeuTAa; that is, every
aromatic residue at the bottom cytoplasmic half is on average
closer to each other than at the periplasmic half. Smaller gaps
between aromatic residues ease their association. This sort of
side-chain assembly has been reported as an important element
of the structure of soluble proteins,62 in which the aromatic pairs
are separated by a range of distances from 4.5 Å to 7 Å. In a
recent work, Hong et al.57 showed that the aromatic side chains
of Escherichia coli outer membrane protein A (OmpA) con-
tribute to the total protein stability in a more important fashion
if they are separated by less than 7 Å. The study suggests that
the stabilization of membrane proteins by aromatic residues is
duetotheirindividualinteractionnotonlywiththemembrane-water
interface but also collectively through clustering. Our analysis
shows that the number of aromatic side chains at less than 7 Å
is three times larger for the cytoplasmic end. In terms of
stabilization, this result would suggest a stronger contribution
of the aromatic residues at the intracellular part, where the
protein is closed.

Differences in “packaging” of the aromatic residues can be
used to explain the fact that, at the cytoplasmic end of the IMP,
the number of contacts is lower (see curves for DMPC in Figure
4) but the number of aromatic residues close to the lipid head
groups is larger (see Table 1) than at the periplasmic end; at
the former, the aromatic residues interact among themselves,
thereby reducing their contact with lipids. Nevertheless, in terms
of membrane-protein stabilization, this is not conclusive since
the stacked residues seem to contribute more than the isolated
ones.57

Basic Residues. To complete the characterization of the
IMP-membrane interactions we analyze the contact number
of the basic residues (Arg + Lys) with the polar head groups.
The charged nature of these moieties makes them eminently
suitable to be interaction partners. We note that the basic side
chains of the LeuTAa are not distributed along the z-axis with
the same symmetry observed for the aromatic side chains (see
Table 1). The relative difference between the cytoplasmic and
the periplasmic ends is even larger if just the side chains exposed
to the lipids are taken into account.

Figure 6 depicts the time evolution of the contact number of
the basic side chains with polar head groups. Again, we count

a contact when the distance between the Lys and Arg side chains
and lipids was less than 3.5 Å from the lipid head group. The
average contact number is considerably larger at the bottom
than at the top of the IMP. Besides, there is no specific
preference of the positively charged residues for any of the
lipids; that is, the contact number is more or less the same
regardless of the lipid.

Comparing these results we observed a dominance, specifi-
cally at the cytoplasmic end, in terms of lipid-IMP interactions
of the basic over-aromatic residues. This could be explained
from the distributions observed in Figure 3; along the z-axis
the basic residues are distributed closer to the water interface
when compared with the aromatic residues and thus closer to
the head groups. The coincidence of Lys and Arg with phosphate
distributions is almost complete. A similar observation has been
reported before for ion channels.37 Such interactions point to
the relevance of the positively charged residues and phosphate
group interactions for the present case of the IMP LeuTAa.

In our MD simulations we were able to witness the “snorkel-
ing” feature of Arg and Lys (see Figure 1). By means of this
mechanism, an important number of them interact with the
phosphate head groups improving the number IMP-lipid
contacts. This mechanism has been proposed before10,11,17,55,63

and has been observed in previous MD simulations of TMs64,65

and parallel R-helix bundles56 as well as in other IMPs.37

TM Domains. To correlate the difference in contact number
and protein mobility, we are interested in studying fluctuations
of the transmembrane (TM) regions and focus on possible
differences for the two halves of the IMP. Thus we estimated
the value of root-mean-square fluctuations (rmsf’s) for every
residue of the TM region, averaging the residues belonging to
the upper or lower halves separately. We obtained the results
shown in Table 2.

In this analysis we just focused in the TM regions, avoiding
the loops, which have poor contact with the membrane and
therefore exhibit a larger rmsf. From the data it is clear that,
regardless of the nature of the lipid employed, for most TM
regions the portion within the periplasmic half shows larger or
similar rmsf than its counterpart at the cytoplasmic end. The
remarkable exception to this trend is the 12th TM segment,

Figure 5. Shown are the integrals of the radial distribution function,
g(r), for the centroids of the IMP’s amphipathic aromatic side chains.
The continuous red and dashed green lines refer to the top and bottom
of the IMP, respectively. The dashed gray line at 7 Å marks the
approximate limit for relevant aromatic-aromatic interactions (see
Hong et al.57).

Figure 6. Shown is the number of atomic contacts (<3.5 Å) between
basic (Arg + Lys) side chains and lipid head groups as a function of
time for the upper periplasmic and lower cytoplasmic halves of the
IMP. Results for three different membranes are represented: DMPC
(red line), POPC (green line), and POPE (blue line), respectively.
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which exhibits large amplitude motion at the intracellular side.
It is worthy of note that at the cytoplasmic side, this TM segment
has several residues with no contact with the lipids and then
presents much larger rmsf’s. When these residues are excluded
from the calculation, the difference between the upper and the
lower values is small. These observations, added to the
differences in IMP-lipid contacts, and the aromatic stacking
contribute to give an image of the protein exhibiting a looser
periplasmic half, less anchored to the lipid membrane and thus
more likely prone to allow a structural rearrangement.

Lipid-IMP Contact Dynamics. Up to now we have
described the interaction of the aromatic and basic residues with
the membrane as well as the motion of the TM domains of the
IMP at the cytoplasmic and periplasmic ends. To complete the
picture for the IMP-lipid interaction, we turn now on the role
of the lipids surrounding the IMP. Specifically, we have
performed time correlation analysis of the lipid-IMP contact
breaking and formation. To this end we used eqs 1 and 2 to
obtain the functions C(t) and S(t). We focused only on the short
time dynamics (<5 ns) since a description of slower dynamical
processes is beyond the scope of this study. As mentioned
before, we were interested in the dynamics of the first layer of
lipids; therefore we picked Rcut ) 3.5 Å. Even the TCFs showed
no significant differences using 3.0 Å < Rcut < 4.0 Å; we expect
that to happen if Rcut > 4.0 Å, since under these circumstances
we would be incorporating other dynamical processes.

We start our analysis with the function S(t) displayed in
Figure 7. These functions reveal very similar lifetimes for the
contact dynamics at both ends of the IMP. Using biexponential
fitting the following characteristic times were obtained: top, τ1

) 16.1 ( 0.2 ps and τ2 ) 189 ( 2 ps, and bottom, τ1 ) 26.3
( 0.3 ps and τ2 ) 150 ( 2 ps. The continuous contact
autocorrelation functions, S(t), can give a fair description of
the actual contact breaking dynamics: that is, disparity in these
functions discloses differences in the actual lifetime of the
contacts. Therefore, we can state that once a lipid-IMP contact
is produced, it is going to have a similar lifetime at both ends
of the IMP.

The function C(t), plotted also in Figure 7, reveals a
remarkable difference in the contact dynamics at both ends. At
the cytoplasmic end an appreciably longer lifetime is found. In
this case, the analysis of the function is not straightforward.
The intermittent correlation includes effects given by the lipid

diffusion away from the IMP, but it is worthy of note that this
process has a significantly different time scale; for example,
the lipid exchange arising from translational diffusion in fluid
membranes is characterized by an off-rate constant of around
1-2 × 107 s-1.66 Therefore it is a fair assumption to consider
that during the time of our analysis (less than 50 ns) the lipids
do not diffuse away from the IMP. With this consideration in
mind, we can delineate the difference in the dynamics: the
slower decorrelation observed for the bottom half of LeuTAa is
characteristic of a process where the lipids quickly regain contact
with the IMP. Conversely, the faster decorrelation observed at
the top half corresponds to lipids spending more time in the
vicinity of the IMP, neither being in contact nor diffusing away.

With the help of dynamics described by both C(t) and S(t)
we can have a better description of the overall process occurring
between lipids and IMP on time scales of the order of 1 ns. At
both ends of the IMP, the lipids have more or less the same
actual contact lifetime, but at the periplasmic end, once the lipids
separate they remain for a longer time in the neighborhood of
the protein before regaining contact. There are two possible
scenarios that could explain this observation: a “geometric” one,
which presents lipids at the cytoplasmic end probably trapped
in small cavities generated between the contiguous protein
protrusions, and the “energetic” one, in which the head groups
are attracted by the bigger density of aromatic and basic residues
at the cytoplasmic end. The latter hypothesis seems to be more
appropriate since the IMP has the same regular shape at both
ends but shows different densities of aromatic and basic residues
(see Figure 8). Therefore we can say that small amplitude
thermal fluctuations allow the head groups to lose contact with
the IMP, which is recovered more quickly at the cytoplasmic
end thanks to the higher density of aromatic and basic residues.
On the other hand, at the periplasmic end the movement of the
lipids outward from the IMP is less restricted, and even though

TABLE 2: Root Mean Square Fluctuation (rmsf) Average
for the Cr Backbonea

〈rmsf〉R [Å]

DMPC POPE POPC

transmembrane
region

R )
top

R )
bottom

R )
top

R )
bottom

R )
top

R )
bottom

1 0.69 0.63 0.72 0.60 0.69 0.63
2 0.83 0.74 0.81 0.64 0.85 0.78
3 0.79 0.81 0.73 0.86 0.79 0.81
4 0.99 0.81 0.99 0.77 0.96 0.78
5 0.91 0.78 0.93 0.73 0.89 0.74
6 0.77 0.57 0.81 0.52 0.73 0.58
7 0.90 0.64 0.93 0.57 0.93 0.59
8 0.83 0.72 0.84 0.74 0.78 0.70
9 1.01 0.92 1.01 0.96 1.05 0.90
10 0.84 0.72 0.85 0.70 0.79 0.67
11 1.14 0.93 1.08 0.94 1.12 0.98
12 1.11 1.48 1.13 1.47 1.08 1.32

a Averages were taken considering the two protein halves
separately: top (periplasmic) and bottom (cytoplasmic). Data for
DMPC, POPE, and POPC systems are shown.

Figure 7. Shown are the intermittent, C(t), and continuous, S(t), TCFs
as defined in eqs 1 and 2, respectively. S(t) shows a very similar contact
lifetime for both halves of the IMP. Conversely, the intermittent contact
lifetime for lipids is longer at the periplasmic end of the IMP, indicating
that lipids remain longer at distances bigger than 3.5 Å.
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they do not diffuse, they lose contact for longer periods of time,
staying separated at distances bigger than 3.5 Å and regaining
contact later.

Concluding Remarks

The present MD simulations reveal details of the interaction
of LeuTAa with three different lipid membranes. Previous
experiments on the transporters (EmrE and LacY) have shown
the influence of lipid-IMP interactions on transport activity.67,68

Surprisingly, specific residue-level information on LeuTAa or
works providing molecular details concerning the interaction
of transporters with membranes are lacking. Indeed, to our
knowledge, this is the first MD simulation carried out for
studying transporter-membrane interactions.

We have shown that other than the hydrophobic thickness of
the membrane, which exhibits different matching patterns with
the protein, there is not a remarkable preference of the aromatic
or basic residues for any of the lipids even with different head
groups, that is, phosphatidylethanolamine and phosphatidyl-
choline. Nevertheless, it would be useful to extend the present
work with an analysis of LeuTAa in a lipid mixture to test if
any preference is found.

Our results revealed the significant interaction of the belts of
aromatic residues with the membrane and water in the region
close to the lipid head groups. This is in agreement with
experiments conducted for TM peptides containing Trp10,12,55

and also with previous MD simulations for potassium channels
(e.g., KscA and KirBac).36-38,58 It is important to note the
differences between the present and the previous MD simula-
tions. The latter simulations were carried out for channels and
show a larger number of aromatic-lipid contacts than in the
present work. This would “lock” the channels to the membrane
more effectively than in the case of the LeuTAa, in concordance
with previous observations, which stated that the transporters
are more flexible than channels,67 and also with the idea of an
alternating mechanism, in which sequential conformational
changes are required.24,39,69

Probably because of membrane mismatching problems, the
aromatic residues present a preferential interaction with the lipids
(DMPC > POPC > POPE) at the periplasmic side. The aromatic
preference for POPE compared to POPC could be due to the
different head-group sizes, which hamper POPC in reaching
the “buried” aromatic groups. In all cases, the number of

aromatic residues in contact with the membrane is smaller for
the periplasmic side (see Table 1) where they are oriented mostly
inward, far from the lipid-IMP interface, thereby avoiding
contact with the membrane. In this region there is also smaller
amount of aromatic clustering that could be linked to a reduction
in stability.57

Compared with the aromatic residues, the basic groups (Arg
+ Lys) show a larger number of contacts with the lipids, which
suggest a relevant role in the IMP anchoring: the interaction
between the positively charged residues with the negatively
charged phosphate groups allows the protein to have a strong
coupling with the membrane. In particular, the presence of
“snorkeling” interactions with the polar head groups has been
noted. This type of interaction, which increases the protein
effective hydrophobic length, showed its relevance in previous
experiments11,17 and also in simulations for KscA37 and TM
peptides.56

The TM rmsf’s showed larger mobility at the periplasmic
side, depicting a less constrained protein in the top periplasmic
half. In addition, here the lipid-membrane contact dynamics
revealed that the lipids spend more time separated from the IMP
compared with the cytoplasmic end. These dynamical results
provide a picture of the transporter with a more constrained
structure at the bottom region. This could be linked with the
information extracted from the previous analysis: a larger
number of side-chain contacts with the membrane as well as
the aromatic stacking induce the IMP to reduce its freedom to
move, fixing and stabilizing the cytoplasmic region.

It is important to recall that the crystallographic structure was
captured in a semi-open state22 which was corroborated previ-
ously with the differences in water accessibility. Going one step
further, we could understand all observations made in this work
in terms of stabilization of that semi-open state: if the alternate
access mechanism is considered as valid, it would not be
desirable for the open (periplasmic end) to have good contact
with the membrane, which would favor the perpetuation of this
structure, thus hindering a fast rearrangement required to
produce effective transport.

Even if in our MD simulations the systems seem to be stable
and the methods employed are standard in the study of lipid
membrane interactions, it is important to consider the method-
ological limitations. Our MD trajectories spanned 20-50 ns,
which is a relatively short duration, likely leading to an
incomplete sampling of the phase space.70 It would be desirable
to run MD simulations an order of magnitude longer in duration.
Nevertheless, many previous MD simulations37,38 have been
employed to characterize the lipid-protein interactions. Besides,
the results in the present work were restricted to the available
structure for LeuTAa, which shows a transporter in a state
completely closed and partially open at the cytoplasmic and
periplasmic ends, respectively. It would be natural and even
desirable to extend this study to probe open and closed
conformations of the IMP. In this way we can complete our
understanding of the interactions of neurotransmitter transporters
with lipid membranes and also begin to look at the mechanism
by which this family of proteins works.
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