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Molecular dynamics simulations suggest a mechanism
for translocation of the HIV-1 TAT peptide across

lipid membranes
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The recombinant HIV-1 Tat protein contains a small region corre-
sponding to residues 47YGRKKRRQRR5R, which is capable of trans-
locating cargoes of different molecular sizes, such as proteins,
DNA, RNA, or drugs, across the cell membrane in an apparently
energy-independent manner. The pathway that these peptides
follow for entry into the cell has been the subject of strong
controversy for the last decade. This peptide is highly basic and
hydrophilic. Therefore, a central question that any candidate
mechanism has to answer is how this highly hydrophilic peptide is
able to cross the hydrophobic barrier imposed by the cell mem-
brane. We propose a mechanism for the spontaneous translocation
of the Tat peptides across a lipid membrane. This mechanism
involves strong interactions between the Tat peptides and the
phosphate groups on both sides of the lipid bilayer, the insertion
of charged side chains that nucleate the formation of a transient
pore, followed by the translocation of the Tat peptides by diffusing
on the pore surface. This mechanism explains how key ingredients,
such as the cooperativity among the peptides, the large positive
charge, and specifically the arginine amino acids, contribute to the
uptake. The proposed mechanism also illustrates the importance of
membrane fluctuations. Indeed, mechanisms that involve large
fluctuations of the membrane structure, such as transient pores
and the insertion of charged amino acid side chains, may be
common and perhaps central to the functions of many membrane
protein functions.

cell-penetrating peptide | antimicrobial peptide | drug delivery |
membrane proteins | pore formation

he HIV-1 Tat protein indicated that some proteins might have

short sequence segments responsible for their translocation
across cell membranes in a seemingly energy-independent manner
(1-8). The sequence responsible for the cellular uptake of the
HIV-1 Tat corresponds to residues ¥’ YGRKKRRQRR>'R. This
peptide is called the Tat peptide, and it has been categorized as a
member of a family of peptides called cell-penetrating peptides.
These peptides consist of short sequences (10-30 aa) that are highly
basic and enter the cells in a seemingly energy-independent manner
(1). This property makes them extraordinarily good candidates as
transporters for drug delivery (7, 9-11). Therefore, significant
effort is currently being invested to understand this phenomenon at
a fundamental molecular level, as well as to employ these peptides
as drug carriers (2, 12-16).

Much debate exists around what makes it possible for these
peptides to translocate across biological membranes. A diverse set
of experiments indicates that there may be more than one mech-
anism contributing to the uptake of these peptides (1-7, 11, 17-20).
Among those mechanisms is the possibility that these peptides may
be able to spontaneously translocate across the cell membrane, as
suggested by several experiments that indicate a nonendocytotic or
energy-independent pathway for the uptake. Because these pep-
tides are highly charged and therefore highly hydrophilic, their
spontaneous translocation across the hydrophobic core of the
membrane is difficult to understand. The most common mecha-
nisms suggested for spontaneous translocation across cell mem-
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branes, such as the inverse micelle model (20), the carpet model
(21), or the pore-formation model (22) formed by amphipathic
a-helical peptides, do not provide a satisfactory explanation of how
these peptides are able to translocate.

Experimental studies show that the L and D amino acid se-
quences, as well as the reverse Tat sequence, can translocate across
membranes, suggesting that the secondary structure of the peptide
does not affect its ability to translocate (18, 23). Another important
finding has been that translocation requires a relatively large
concentration of peptides. Crystallographic studies conducted by
Wong and coworkers (A. Mishra, V. G. L. Yang, R. Coridan, and
G. C.L. Wong, personal communication) showed that aqueous
solutions of simple phospholipids and Tat peptides undergo a phase
transition from a lipid bilayer to a Pn3m double-diamond phase,
where the lipid molecules surround large, 6-nm water pores. This
phase transition, which occurs at a relatively high concentration of
peptides per lipid (P/L) (one peptide per eight lipids), suggests that
the ability of the Tat peptides to induce pores in lipid bilayers may
be related to their translocation mechanism in cells. Molecular
dynamics simulations have proven to be a valuable approach to
study protein- or peptide-membrane complexes by providing new
insights into the microscopic details of these interactions (25-30).
Those details usually complement the experimental observations
and help guide the design of new experiments.

In this manuscript, we present results from molecular dynamics
simulations of systems composed of a lipid bilayer, Tat peptides, and
water molecules to investigate the mechanism of membrane trans-
location. We perform extensive molecular dynamics simulations of
Tat peptides solvated in water and close to a dioleoyl phosphatidyl
choline (DOPC) lipid bilayer membrane. We study several systems
that vary in number and concentration of peptides, phospholipids,
and water molecules. Our simulations reveal an atomistic mecha-
nism for translocation. At a large concentration of Tat peptides on
one leaflet of the bilayer, the arginine side chains of the peptides
translocate across the membrane attracted by the phosphate groups
on the opposite leaflet. This process initiates the formation of a
pore, followed by the translocation of the whole peptide.

The penetration of arginine amino acids into the hydrophobic
core of the membrane has been postulated to be involved in
important protein membrane processes. For instance, the arginine
side chains have been implicated in the mechanism of opening and
closing voltage-sensitive ion channels in response to transmem-
brane potentials (31, 32). Furthermore, it has been postulated that
the S4 transmembrane helix in the KvAP K* channel, which
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Table 1. Systems studied by molecular dynamics simulations

Labels used to identify the simulations

Simulation A B C D E F G H | J K L

Tat 1 2 4 4 4 4 4 4 5 6 7 10
Water 3,552 7,104 14,208 3,552 3,552 3,552 8,795 18,597 18,597 18,597 18,597 14,208
Lipid 72 144 288 72 72 72 92 195 195 195 195 288
Temperature, K 323 323 323 323 323 343 363 323 323 323 323 323
Time, ns 200 80 80 200 200 200 400 80 80 180 80 50
Near 1 2 3 3 3 3 2 4 5 5 6 9
Distal 0 0 1 0 0 0 0 0 0 0 0 1

The table includes the following rows under the heading “’Simulation” (in order from top to bottom): the number of Tat peptides, the number of water
molecules, the number of lipids, the temperature, and the simulation time. The last two rows list the number of peptides in the proximal and distal layers,
respectively. The number of translocating peptides is not listed in either of the last two rows.

contains four arginine side chains, moves within the membrane in
response to a transmembrane potential (33, 34). Molecular dynam-
ics studies (35, 36) have shown that arginine insertion into a bilayer
is facilitated by a network of hydrogen bonds with the lipid
phosphate groups and water molecules. A common feature of these
mechanisms is that the lipid bilayer structure can undergo large
perturbations in response to interactions with proteins.

The mechanism of Tat translocation revealed by molecular
dynamics involves four steps. First, the arginine and lysine side
chains on the Tat peptides bind to the phosphate and carbonyl
groups of the zwitterionic phospholipids and occupy a region
beneath the phosphate groups at the interface with the carbon
chains. Second, at a higher concentration, the Tat peptides seques-
ter phosphate groups from neighboring phospholipids and create
regions on the bilayer surface that are crowded with Tat peptides
and phosphate groups, as well as regions that are depleted of
charged groups. This crowding of charged groups is because of the
high concentration of charges in the Tat peptide (8 of 11 amino
acids) and results in the attraction between the Tat peptide and
phosphate groups on the proximal layer and the phosphate groups
on the distal layer. As a result, the bilayer becomes thinner with
increasing Tat peptide concentration. Third, arginine and lysine
side chains on the Tat peptide and the phosphate groups on the
distal bilayer attract each other and start penetrating the lipid
bilayer. As these charged groups enter the hydrophobic lipid
bilayer, water also penetrates the bilayer and solvates the charged
groups. Fourth, the water and phosphate penetration nucleates a
water pore in the membrane. Once the pore is formed, the Tat
peptides translocate across the membrane by diffusing on the pore
walls. The pore closes after a few peptides translocate, in contrast
to the persistent pores formed by antimicrobial peptides. This
mechanism is supported by multiple molecular dynamics simula-
tions that span times on the order of 100 ns.

Results and Discussion

Here we describe the mechanism of attachment and translocation
of the HI'V-1 Tat peptide that is suggested by extensive molecular
dynamics simulations (see Table 1) of a model lipid bilayer. In each
simulation, we initially place the Tat peptides near one layer of the
lipid bilayer and explore the translocation of the peptides across the
bilayer as a function of the number of Tat peptides P/L. We call
the layer where the Tat peptides are placed in the simulations the
proximal layer and the other layer the distal layer. The following
subsections present the details of each of the four steps involved in
the Tat peptide translocation.

The Tat Peptides Bind to the Bilayer Surface. Several experiments
reported strong ionic interactions between Tat peptides and the
membrane surface (4, 37). Time-lapse confocal microscopy exper-
iments indicate that dense aggregates of Tat peptides are formed on
the surface of the cells that exhibit uptake. To investigate the
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relative tendency of the peptide to bind to the surface versus stay
in bulk water according to its hydrophilic nature, we perform a
simulation containing a single peptide close to the surface (simu-
lation A in Table 1). Figs. 1 and 2a show a snapshot after 200 ns of
simulation where we can see the peptide bounded to the surface of
the membrane. The peptide is partially exposed to water and
surrounded by the phosphate and carbonyl groups of the phospho-

Fig. 1. Binding of a Tat peptide to a zwitterionic lipid bilayer. (Upper)
Snapshot obtained at the end of the 200-ns simulation (simulation A in Table
1). The peptide is partially exposed to water and surrounded by phosphates
and carbonyl groups of the phospholipids. (Lower) Positively charged groups
of the peptide bind to the phosphate and carbonyl groups of the phospholipid
molecules. In this configuration, the Tat peptide binds to 14 phosphate
groups.
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Fig. 2. Binding and translocation of Tat peptides (simulations A and D in
Table 1). (a) Snapshot of the system comprising 72 DOPC lipids, 3,552 water
molecules, and one Tat peptide after a 200-ns simulation. The phospholipid
molecules are represented with transparent white surfaces, the phosphate
atoms are in yellow spheres, the peptide molecules are in red, any water
molecule at a distance of <3.5 A from any phospholipid or amino acid atom
is deep blue, and the rest of the water molecules appear as a pale blue
transparent surface. (b—d) Snapshots of the system with four Tat peptides and
the same number of DOPC lipids and water molecules as in a after 70, 140, and
200 ns, respectively.

lipids. The peptide locates itself underneath the positively charged
choline groups and the negatively charged phosphate groups, with
the exception of the peptide C-terminal carbonyl group of the
peptide. The Tyr residue also is buried in the bilayer. The arginine
and lysine amino acid-charged side chains bind to the phosphate
and carbonyl groups of multiple lipids. In this configuration, there
are 14 phosphate groups in the vicinity of the Tat peptide.

The Effect of Peptide Concentration on Translocation. Confocal
microscopy experiments showed that crowding of peptides on the
membrane surface occurs before translocation (4, 37). This finding
suggests a mechanism where multiple Tat peptides act coopera-
tively to translocate, as is the case for antimicrobial peptides (1, 38,
39). Our simulations show that peptide uptake across the bilayer
depends on the concentration of peptides. We perform simulations
of systems that sample the P/L ratio from 1/72 to 1/18. The system
with the lowest peptide concentration consists of one Tat peptide
and 72 phospholipids. The system with the highest concentration
has four Tat peptides and 72 lipids. At this high concentration, we
observe the insertion of arginine side chains of one of the Tat
peptides into the hydrophobic region of the bilayer. Fig. 2 b—d shows
a time progression of the insertion. We see in Fig. 1 that a Tat
peptide binds to 14 phosphate groups in the lipid. As the Tat
peptide concentration is increased, not all charged side chains bind
to phosphate groups on the proximal layer. Instead, these side
chains are attracted by the distal layer phosphate groups, pulling
them into the membrane. The charged side chains bring solvation
water molecules into the hydrophobic region, thus lowering their
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Fig. 3. Binding of Tat peptides to phosphate groups. The yellow spheres
show phosphates of the proximal layer on which the Tat peptides (in red) are
initially bound, and the phosphates of the distal layer are shown by green
spheres. For clarity, other molecules are not shown. (Left) Simulation at 323 K
(simulation A in Table 1). (Right) Simulation at 363 K (simulation F in Table 1).
(Top) Side view of the membrane in which a translocating peptide is visible.
(Middle) View of the plane of the membrane and four periodic replicas that
only includes the peptides and phosphates of the proximal layer. (Bottom)
View of the distal layer of the membrane. These pictures illustrate that the
phosphates of both the proximal and distal layers are attracted to the pep-
tides. Heterogeneity induced in the proximal layer with high and low densities
of phosphates is visible. Several of the periodic replicas of the translocating
peptide are indicated with a yellow ellipse. This peptide is bound to a smaller
number of phosphate groups, compared with the rest of the peptides.

free energy of insertion. As the charged side chains reach toward
the distal phosphates, some of the distal phosphates and solvating
water molecules also reach toward the proximal side (Fig. 2b). Fig.
2d shows the last frame of the 200-ns simulation, where the arginine
side chains are bound to phosphates on the distal layer and a chain
of water molecules reaches across the bilayer.

The translocation occurs as a combination of several factors, such
as the thinning of the bilayer and the permeation of water and
phosphates from the distal layer. Fig. 3 shows a correlation between
the positions of the charged side chains of the Tat peptide and the
phosphate groups, resulting from the attraction between the phos-
phate groups and the Tat peptide. Interestingly, the peptide that
starts translocating (enclosed in the yellow circles) is attached to
fewer phosphate groups on the proximal side of the bilayer,
compared with the nontranslocating peptides. The left column
corresponds to a simulation at a temperature of 323 K (simulation
D in Table 1), and the right column shows similar views, but at a
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Fig.4. Area perlipid and thickness of the bilayer as a function of the number
of peptides over the number of phospholipids (simulations A-D and H-L in
Table 1). (a) Area per lipid. (b) Thickness of the lipid bilayer. Diamonds indicate
results for the cases in which all of the Tat peptides are on the proximal layer.
Squares indicate cases in which one Tat peptide is bound to the distal layer and
all other peptides are on the proximal layer.

temperature of 363 K (simulation F in Table 1). We also perform
a simulation at 342 K (simulation E in Table 1). The strong
attraction felt by the phosphate groups toward the peptides be-
comes clear at higher temperature. Their attraction creates regions
over the surface of the membrane that are crowded with phosphates
near the peptides and regions that are depleted of phosphates away
from the peptides. When an additional peptide attaches to a region
with a small number of phosphates, it is attracted by phosphates on
the distal layer and eventually translocates to the opposite side.

The increase in the number of peptides on one side of the bilayer
has several consequences on the bilayer structure that might
facilitate the uptake of a peptide. Three main effects are reorien-
tation of the phospholipids near the peptides, the thinning of the
bilayer, and the increase of the area per lipid. Fig. 4 shows the area
per lipid and the bilayer thickness as a function of the peptide
concentration (P/L). The area per lipid increases proportionally
with P/L for systems of various sizes. To determine the system size
dependence (40) of the results, we simulate two systems with the
same concentration (P/L = 1/72), but with a different total number
of molecules. One system is composed of one Tat and 72 lipids
(simulation A in Table 1), and the other is composed of two Tat
peptides and 144 lipids (simulation B in Table 1). We see that the
area per lipid and layer thickness for both systems is similar, and that
the difference between them is much smaller than the differences
obtained by changing the concentrations.

Pore Formation and Translocation Across the Bilayer. In the simula-
tion described in Fig. 2, we do not see a complete translocation of
the Tat peptide. To reduce the effect of periodic boundary condi-
tions on the Tat translocation, we simulate a system with slightly
more lipids (92 vs. 72) and significantly more water (8,795 vs. 3,552)
(simulation G in Table 1). In this simulation, we observe side chain
insertion as in Fig. 2, but we also observe the opening of a 3-nm pore
across the bilayer and the diffusion of Tat peptides on the surface
of this pore to the other side of the bilayer. Fig. 5 shows the
sequence of events that lead to side chain binding (Fig. 5a),
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Fig. 5. Snapshots at different times along the simulation of a system
composed of 92 DOPC lipids, 8,795 water molecules, and four Tat peptides
(simulation G in Table 1). Colors and representations are the same as in Fig. 2.
(a) Position of the peptides before translocation. (b and c) Translocation of an
arginine amino acid (b) toward the distal layer that nucleates the formation
of a water-filled pore (c). (d) Snapshot at the same instant as ¢ but from a
direction perpendicular to the membrane, showing another perspective of
the pore and translocating peptide.

insertion (Fig. 5b), the opening of a pore across the bilayer, Tat
peptide translocation by diffusion on the pore surface, and the
translocated Tat peptide [Fig. 5c; see also supporting information
(SI) Movie 1 and SI Figs. 7-11]. We observed this process in two
independent simulations. Fig. 5d shows a top view of the water-filled
pore across the membrane. Fig. 6 shows the same snapshot as in Fig.
5d, but includes four periodic copies. Pore formation also is
observed in a less dense system composed by six Tat peptides, 195
lipids, and 18,597 water molecules (simulation H in Table 1).

Conclusions

Molecular dynamics simulations provide a mechanism that de-
scribes how cell-penetrating peptides rich in arginine amino acids
are able to translocate across the membrane in an energy-
independent manner. These simulations reveal an atomistic mech-
anism for translocation, where, at a large concentration of Tat
peptides on one leaflet of the bilayer, the Tat peptides are attracted
by the phosphate groups on the other layer. This mechanism is
composed of four steps. At low Tat concentration, the arginine and
lysine side chains on the Tat peptides bind to the zwitterionic
phospholipid phosphate and carbonyl groups and occupy a region
beneath the phosphate groups, at the interface with the carbon
chains of the phospholipids. The Tat peptides act cooperatively to
facilitate translocation. At high Tat concentration, the Tat peptides
sequester phosphate groups from neighboring phospholipids and
create regions on the bilayer surface (proximal layer) that are
crowded with Tat peptides and phosphate groups, as well as regions
that are depleted of charged groups. This crowding of charged
groups is because of the high concentration of charges in the Tat
peptide and results in the attraction between the Tat peptide and
phosphate groups on one bilayer and the phosphate groups in the
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Fig. 6.
of the system. Phosphate-depletion zones over the surface of the membrane
and high concentration of phosphates around the Tat peptides can be clearly
seen.

Alternative view of the pore (Fig. 5d), including four periodic images

distal bilayer. As a result, the bilayer becomes thinner as the Tat
peptide concentration increases. The arginine and lysine side chains
on the Tat peptide and the phosphate groups on the distal bilayer
attract each other and start penetrating the lipid bilayer. As these
charged groups enter the hydrophobic lipid bilayer, water also
penetrates the bilayer and solvates the charged groups. At longer
time scales, we see that water penetration nucleates the formation
of a transient water pore in the membrane. The fast transient nature
(less than a microsecond) of the pore may explain why cell death
because of leakage was not observed with Tat peptides.

The Tat peptides translocate across the membrane by diffusing
onto the pore walls while carrying with them the attached
phospholipids. Labeling of the phospholipids, according to their
initial partitioning between the distal and proximal layers,
clearly shows that the phospholipids positions are reshuffled
during translocation.

The mechanism revealed by our simulations can explain some of
the key elements required by Tat to penetrate the cell observed
experimentally. The positively charged arginine and lysine amino
acids are important to facilitate the strong interaction with
the phosphates groups on both sides of the membrane. When the
peptides are bound to the surface, they produce a thinning of the
membrane that reduces the hydrophobic free-energy barrier, in-
creasing the probability that the peptides will reach the other side
of the membrane. The positive charge also contributes in position-
ing the peptides between the phosphate groups and the carbon
chains and away from the choline groups, which also are positively
charged. This location helps enhance the interactions with the
phosphate groups on the distal layer. The length of the lysine and
arginine side chains facilitates the insertion of the amino acid
chains. For shorter amino acid side chains, like histidine, the
translocation of one side chain toward phosphates on the distal
layer would require either a much thinner membrane or the
translocation of more side chains at the same time, making this
statistically much less favorable. Experimental reports also show
that peptides rich in arginines are more favorably translocated than
peptides rich in lysines, and that by increasing the length of the
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guanidinium side chain the translocation of peptides increases
significantly (23). We observe that, in fact, the arginine amino acids
insert more easily than lysines. This finding could be partially
because of their length and partially because of the way they interact
with the phosphate groups. The fundamental role played by the
interaction between arginine amino acids and phosphate groups is
not exclusive to the present mechanism; it also is a central element
in several biological processes. For example, in potassium channels,
this interaction is a key ingredient of the voltage gating, and it has
been suggested that the usage of arginine in voltage sensors might
be an adaptation to the phospholipid composition of cell mem-
branes (32). Previous studies using molecular dynamics simulations
found that the arginines also produce a strong local thinning of the
membrane around the potassium ion channel up to 1 nm (36).
There are other biological examples where the arginine—phosphate
interaction does not involve lipid membranes. Such is the case of the
arginines of the Tat peptide region of the HIV-1 TAT, which form
noncovalent bonds with the phosphate groups in the RNA. This
binding of the HIV-1 TAT protein to RNA is critical for transcrip-
tion (41). This diversity of biological phenomena indicates that the
special binding of the arginines to phosphate groups is not only
related to its charge and length, but also to the specific structure of
the guanidinium group.

We choose conditions that increase the probability of transloca-
tion of Tat peptides while including a minimal number of compo-
nents to maintain the simplicity of our model. Cell membranes are
more complex, and there may be other factors that enhance or
reduce the uptake through the pathway we propose. For example,
the cell membranes are composed of lipid mixtures, and there may
be a net electrostatic bias that facilitates the peptide translocation
into the cell. The length of the phospholipid carbon chains, the
surface tension of the membrane, and the ionic composition of the
solution on both sides of the cell are factors that could have a
considerable effect. The time scale and system sizes for the pore
opening, and the translocation of this peptide across the cell
membrane, are at the upper boundary of what is currently reached
with molecular dynamic simulations. The present study gives an
estimate of the time and size scales that need to be explored to
detect and analyze peptide translocation. The addition of salt and
counter ions to the solution could potentially slow down the
relaxation times, as well as the translocation. However, a high
density of peptides enhances the probability of peptide transloca-
tion, which is one reason we chose to study relatively high concen-
trations of peptides (as measured by P/L), but lower than the
concentration at which the phospholipids undergo a phase transi-
tion (P/L = 1/8) (A. Mishra, V. G. L. Yang, R. Coridan, and G. C.
L. Wong, personal communication).

The mechanism proposed here highlights molecular details that
have implications on phenomena beyond these of cell-penetrating
peptides. The cell membrane is far more complex than an inert
hydrophobic barrier and acts as an active participant in membrane
protein function. In the translocation of the Tat peptide, we find
that the membrane transiently changes its local topology by forming
a pore that facilitates the diffusion of the peptide on its surface,
allowing it to reach the distal side. This level of membrane flexibility
and the ubiquitous nature of the phosphate—guanidinium interac-
tions may be essential in several other biological mechanisms, such
as pore formation by antimicrobial peptides (39, 42), voltage-gated
ion channels, and flippase regulation of lipid distribution on
different faces of a bilayer (43, 44).

Methods

Molecular dynamics simulations were performed to study the translocation
mechanism of the protein transduction domain of the HIV-1 Tat across model
membranes. The Tat peptides were placed in a periodically repeating box con-
taining a preequilibrated lipid membrane composed of DOPC lipids and water
molecules (45, 46). Several simulations performed with different numbers of
peptides, lipids, and water molecules are listed in Table 1. The peptides were
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placed near one side of the bilayer, such that the Tat peptides bound mostly to
one layer of the bilayer. These configurations were away from equilibrium. Here
we explored how the systems relaxed from these configurations. Because of
periodic boundary conditions, there were two paths by which a Tat peptide on
one layer moved to bind to the other layer: one that required translocation, and
another that required diffusion of the Tat peptide from the initial configuration
near the water—bilayer boundary on one layer to the other layer. Our calculations
included a large number of water molecules, such that binding to the proximal
layer, giventheinitial conditions we selected, was favored. Two of the systems we
generated chose to bind one Tat peptide on the distal layer of the bilayer.

The simulations were performed by using the GROMACS package (47) on a
cluster of dual Opteron processors. The overall temperature of the water, lipids,
and peptides was kept constant, coupling independently each group of mole-
cules at 323 K with a Berendsen thermostat (48). The pressure was coupled to a
Berendsen barostat at 1 atm separately in every dimension (48). The temperature
and pressure time constants of the coupling were 0.2 and 2 ps, respectively. The
integration of the equations of motion was performed by using a leap frog
algorithm with a time step of 2 fs. Periodic boundary conditions were imple-
mented in all systems. A cutoff of 1 nm was implemented for the Lennard-Jones
and the direct space part of the Ewald sum for Coulombic interactions. The
Fourier space part of the Ewald splitting was computed by using the particle-mesh
Ewald method (49), with a grid length of 0.11 nm on the side and a cubic spline
interpolation. Periodic boundary conditions and Ewald summations that do not
include the surface term ensured system electroneutrality (50). We used the SPC/E
(24), the lipid parameters were from Berger et al. (45), and the peptide param-
eters were from the GROMACS force field (47).

We simulated various systems with varying number of lipids, peptides, and
water molecules. These simulations were used to explore the Tat peptide binding
to the lipid bilayer, the P/L ratio, and the system size dependence of the binding
mode. To observe the initial mechanism of attachment of the peptides to the
surface of the lipid bilayer, two systems were built: a system composed of one
peptide, 36 lipids per layer, and 3,552 water molecules (simulation A in Table 1);
and another system with twice the number of molecules as the first system and
the same P/L (simulation B in Table 1). These systems were simulated for 200 and
80 ns, respectively. The area per lipid and the interaction of the peptide with the
lipid was similar for both systems, indicating that there was no significant system
size dependence in the observed lipid—peptide interaction.
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To study the dependence of the area per lipid as a function of the P/L ratio, and
to explore the translocation mechanism under other lipid-peptide concentra-
tions, we simulated systems composed of more lipids and water molecules. We
increased the P/L ratio by subsequently adding an extra peptide to the system
composed of 36 lipids per layer (72 lipids). The peptides were added to the
water-bilayer interface. After adding each peptide, the system was energy
minimized, equilibrated for 1 ns, and simulated for 30 ns before another peptide
was added. This procedure was continued until we had a system with four
peptides and 72 lipids. The systems with one (simulation A in Table 1) and four
(simulation D in Table 1) Tat peptides were simulated for 200 ns. Two additional
200-ns simulations were performed at higher temperatures. The configuration of
the system with four peptides and 72 lipids was used as the initial configuration
fortwo 200-ns simulations at 343 K (simulation E in Table 1) and 363 K (simulation
Fin Table 1). The features of the simulations at higher temperature were similar
tothose at 323 K, but the system reached a steady state in shorter simulation time.
To cover intermediate values of P/L (between 1/72 and 1/18), we simulated
systems with other compositions. In particular, we simulated a system composed
of 46 lipids per layer, 8,795 water molecules, and four peptides (simulation G in
Table 1; P/L = 1/23). This system was simulated for 60 ns. To cover a broad region
of the P/L ratio, we simulated systems that contain 195 lipids (95 in the proximal
layer and 100 in the distal layer), 18,597 water molecules, and four (simulation H
in Table 1), five (simulation I in Table 1), six (simulation J in Table 1), and seven
(simulation K in Table 1) Tat peptides. The systems with five and six Tat peptides
were started from the 10-ns configuration of the system with four peptides. The
system with seven Tat peptides was started from the 10-ns configuration of the
system with five Tat peptides. The system with four Tat peptides was simulated
for 80 ns, whereas the other systems were simulated for 40 ns. These systems had
P/Lvalues of 4/195, 1/39, 2/65, and 7/195. The two systems where a peptide bound
on the distal layer of the bilayer had P/L values of 1/72 and 10/288 (simulations C
and L in Table 1). Interestingly, the two systems had a smaller area per lipid than
the systems with all Tat peptides on one side, thus giving us a glance at what the
final state would be after a peptide translocated through the bilayer. The total
simulation time exceeded 1.2 pus.
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