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Abstract 

We describe a series of molecular dynamics simulations performed on a model of charged lipid bilayer (di- 
palmitoylphosphatidylserine) and water, in presence of sodium and lithium ions, with an atomic detail. The structure of the 
lipid membranes was strongly affected by the presence of lithium, as manifested by the observation of a transition from a 
disordered to a gel state. Concerning the mechanism of such a transition, it was associated to the dehydration that we 
detected in the lipid-water interface in the presence of lithium. This dehydration introduced an increase in the lipid-lipid 
interactions, and as a consequence, a diminution of the disorder of the membrane. When both types of ions are present in 
the aqueous phase, lithium shown a special affinity for the lipid membrane displacing almost all the sodium ions toward the 
middle of the water layer. As a result, we observed remarkable differences in the atom and electric field distributions across 
the lipid membrane. Concerning the diffusion and orientation of water molecules across the lipid-water interface, we also 
observed a strong dependency of the type ion. On the other hand, the mobility and the hydration shell of lithium and sodium 
ions are strongly perturbed by the presence of the charged lipid bilayer. The lipid layer was responsible for a dehydration of 
the ions compared to bulk water. This dehydration was compensated by an increase of coordination number of the ions with 
the lipid oxygens. Also, the residence times of water in the first hydration shell of lithium and sodium ions are perturbed by 
the presence of the lipid membrane. © 1997 Elsevier Science B.V. 
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1. Introduction 

The study of  lipid bilayers is of  a crucial impor- 
tance in understanding the role played by the lipids in 
biological membranes.  The bilayers control the diffu- 
sion of  small molecules, water and ions through 
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biological membranes and also afford a suitable envi- 
ronment to some molecules embedded in the mem- 
brane, such as proteins, carbohydrates, etc. 

Specifically, the structure and behaviour of  lipid 
layers are dramatically affected by the pH, ionic 
strength and type of  ions in solution [1-3].  Thus, 
most lipids show a similar behaviour in the presence 
of  alkaline ions, with the well known exception of  
lithium [3], which introduces important modifications 
in PS (PhosphatidylSerine) membranes.  Small con- 
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centrations of lithium perturb the lipid state, and 
increase the critical temperature [3], changing the 
membrane structure from a disordered state to a gel 
one. 

The study of the effects of lithium on membranes 
containing serine has another importance, due to its 
therapeutical properties in the treatment of some 
mental diseases, such as manic depressive illness [3]. 
In fact, the interaction of this ion with membranes 
containing PS (the principal lipid of nervous cells), 
structurally changes the membranes of such cells, and 
modify their activity [4]. Although, the routes by 
which Li can enter and leave cells have not been 
adequately defined, it has been suggested that in 
excitable cells, Li can enter through voltage-depen- 
dent Na channels [5]. 

The study of all these processes from an experi- 
mental point of view presents certain obstacles, 
mainly associated to the structural characteristics of 
the system. In this regard, molecular dynamics simu- 
lations has been widely accepted as an important 
biochemical tool, since it affords valuable informa- 
tion regarding the dynamic and steady properties of 
the system, such as diffusion coefficients, electric 
potential across the membrane, an evaluation of the 
lipid-water interface, etc. [6-10]. 

Based on our and other's growing experience in 
the field of MD simulations of biological membranes 
[10-15], in the present work we study at atomic level 
the effect of different concentrations of lithium ions 
on a DPPS (dipalmitoylphosphatidylserine) mem- 
brane. In addition, we study the behaviour of sodium 
and lithium ions in the aqueous region when they 
approach a charged membrane. 

2. Experimental  

2.1. Setting up the system 

A periodical three-dimensional box was generated 
as follows: Two lipid layers of 32 lipids each were 
generated by copying a single molecule of DPPS 
(Fig. 1), which was built by using the commercial 
package HyperChem [16]. Next, a 1 nm thick layer of 
water molecules was confined between the two lipid 
layers by copying an equilibrated box containing 216 
water molecules of the SPC [17] model. A total 
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Fig. 1. Dipalmitoylphosphatidylserine molecule, DPPS-. 

number of 732 water molecules were required to fill 
such a gap. Due to the net charge on the DPPS-  lipid 
molecules, the system was neutralized by the addition 
of counterions, substituting 64 water molecules by 64 
counterions. In a first step, 64 water molecules were 
substituted by sodium ions (case A), following the 
criterion of minimum electrostatic energy. Next, two 
other systems, in which sodium ions were completely 
(case B) and partially (case C) substituted by lithium 
ions, were generated. Three snapshots corresponding 
to the three membranes mentioned above are dis- 
played in Figs. 2-4. 

/ 

Fig. 2. Snapshot of a DPPS membrane along the trajectory 
containing 64 Na--. Sodium ions are represented by big spheres 
and water by the small ones. 
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Fig. 3. Snapshot of a DPPS- membrane along the trajectory 
containing 64 Li+. Lithium ions are represented by big spheres 
and water by the small ones. 

The atomic charge distribution on each atom of a 
lipid molecule was calculated by means of the CNDO 
quantum mechanical method [18], as in previous 
articles [14,15]. During MD simulation, all charges 
were halved (except for the SPC water model) in 
order to reduce the poor screening arising from the 
introduction of SPC water molecules between adja- 
cent lipids. For further information, we address the 
readers to previous articles [14,15,19]. 

When the structure of the whole membrane has 
been generated, it was submitted to steepest descent 
energy minimization, in order to remove unwanted 
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Fig. 4. Snapshot of a DPPS- membrane along the trajectory 
containing 32 Na + + 32 Li +. Sodium ions are represented by the 
big spheres, lithium by the medium ones and water by the 
smallest ones. 

contacts between adjacent atoms. GROMOS [20] was 
the force field employed in our simulations. 
Lennard-Jones and dihedral parameters were taken 
from previous works [19]. The Ryckaert-Bellemans 
potential [21] was used along the alkane chains in- 
stead of standard GROMOS parameters, because this 
force field reproduces the cis-trans statistics along 
alkane chains more accurately than the GROMOS 
force field. The Lennard-Jones parameters of lithium 
ions were taken from the literature [22]. 

During the whole simulation, a time step of 2 fs 
was used. Bond lengths were constrained by SHAKE 
[23], with a tolerance constant of 0.0001 nm. Two 
different spherical cut-offs were employed, as in 
previous works by Berendsen and coworkers [7,13- 
15]: a short cut-off of 0.8 nm and a long spherical 
cut-off of 1.7 nm. We are aware of the critical 
influence of this parameter on the dynamic and sta- 
tionary properties of ions and water, as described by 
Stouch et ah in a previous article [24]. The neighbour 
list between non-bound atoms was updated every l0 
time steps. 

The system was coupled to a temperature bath [25] 
at 350 K (well above the transition temperature of 
326 K [26] in the absence of lithium ions), and a 
pressure bath of 1 atm [25] with coupling constants of 
~T = 0.1 and ~-p = 0.5 ps. 

Under these conditions, three different simulations 
were carried out in which: (A) 64 sodium ions were 
employed as counterions. In this case, 360 ps were 
performed and discarded from the analysis during the 
equilibration of the system, followed by another 200 
ps that were used in the analysis. (B) Only lithium 
ions were used as counterions. In this case, all the 
sodium ions of the first simulation were substituted 
by lithium ions, and 150 ps were performed during 
the equilibration, followed of 200 ps which were 
employed in the analysis. (C) 32 sodium ions of case 
A were randomly substituted by 32 lithium ions. The 
first 150 ps were discarded during the equilibration of 
the system and the analysis was performed over the 
following 200 ps. In all three cases, the volume of the 
computing box was the parameter used to decide that 
the system had stabilized. The dimensions of the box 
(in nm) were the following: (A) V~ = 4.448 _+ 0.014, 
V~. = 4.03 _+ 0.03, v~ = 5.76 _ 0.04; (B) V~ = 3.96 _+ 
0.08, v,. = 4.16 + 0.04, v_ = 6.13 _+ 0.12; (c)  V~ = 
4.56 _+ 0.11, v,. = 3.70 _+ 0.17, v_ = 5.99 ___ 0.09. 
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3. Results and discussion 

3.1. Membrane structure 

In the presence of Na + ions (case A), a value of 
0.54 _+ 0.03 nm 2 emerged from our simulations for 
the surface area per lipid,which was in good accor- 
dance with the 0.50 to 0.55 nm 2 measured in differ- 
ent experimental conditions [2,27]. In case C, a value 
of 0.527 _ 0.013 nm 2 was obtained and 0.51 + 0.06 
nm 2 in case B. These results agree with experimental 
data [3] in which a reduction of the surface area per 
lipid was observed in the presence of LiC1, this effect 
being much more noticeable at higher lithium con- 
centrations in solution. 

Such a reduction in the surface area per lipid in the 
presence of lithium ions meant that an increase the 
order parameter along the ethylene chains was to be 
expected [28]. Fig. 5 displays the deuterium order 
parameter -ScD averaged over the two lipid tails in 
the presence and absence of lithium ions. From the 
simulated trajectory, -ScD is obtained as follows: 

2Sxx S>,~, 
SCD---- - - 7  + --~- (1) 

where x-, y- and z-axes are taken with respect to the 
plane defined by the H - C - H  atoms of the ethylene 

lipid tails [14]. Fig. 5 shows the good agreement 
between the experimental and simulation results in 
the absence of lithium. When sodium ions are par- 
tially or completely substituted by lithium ions, we 
observe an increase in the order parameter along the 
tails, which corresponds to the transition from a 
disordered to a gel state. We should point out that 
neither from the discrete time nor from the size of 
our simulations, we can obtain concluding results 
about membrane phase transitions, from our simula- 
tions we only observe a tendency from a disordered 
state to a more ordered state. The increased order in 
the phospholipid tails can also be appreciated by 
comparing the snapshots in Figs. 2 and 3. In Fig. 5, 
we see that the results for 32 Na++ 32 Li + nearly 
coincide with those for 64 Li ÷. Thus, the effect of 
substituting Na ÷ by Li-- is nearly the same when 
only half of the ions are substituted, which is in 
agreement with experimental observations [3] that 
lithium ions perturb the conformation of the lipids at 
a wide range of concentrations, by inducing more 
order in their tails. 

As regards, the cis-trans conformation rate along 
the tails, Fig. 6 shows how in the absence of lithium, 
the percentage of trans conformations always remain 
below 75%, which corresponds to a disordered state. 
The presence of lithium ions on the other hand, 
increases the rate to above 80%, typical of a gel state. 
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Fig. 5. Order parameter along the alkane lipid chains averaged over both tails. 
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Fig. 6. Cis-trans ratios along the alkane lipid chains averaged over both tails. 

3.2. Atom distribution 

Fig. 7 displays the atom distribution (in atoms 
nm -3) across the membrane in the presence and 
absence of lithium, and it is clear how the distribution 
profiles are strongly perturbed by the presence of 
lithium. Fig. 7a (no-lithium) displays an almost uni- 
form distribution of sodium ions across the water 
layer, with the exception of a slight increase in the 
vicinity of the lipid heads. Neither water molecules 
nor sodium ions penetrated in the core of the hydro- 
carbon region. 

In the presence of only lithium ions (Fig. 7b), 
qualitative differences were evident from our simula- 
tions compared to the situation represented by Fig. 
7a. First, as the lithium distribution fell to almost 
zero in the middle of the water layer, there was a 
noticeable increase in their concentration in the vicin- 
ity of the lipid heads, illustrating the strong affinity of 
the lithium ions for the lipid heads, in accordance 
with experimental measurements [3]. Fig. 7c, shows 
how when only half of the sodium ions were substi- 
tuted by lithium, sodium ions were almost totally 
removed from the membrane surface, this region 
principally being occupied by lithium ions. In other 
words, there is a clear segregation of the counterions 
in the Li + Na case, Na ÷ preferentially occupying 
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Fig. 7. Atom distribution across the membrane in atom nm -3. 
(A) in the presence of 64 Na +. (B) in the presence of 64 Li +. (C) 
In the presence of 32 Na ÷ and 32 Li ÷. 
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the water region, while Li + forms another ionic 
layers in both lipid-head regions. This partitioning of 
the counterions into different layers may have impor- 
tant consequences in membrane behaviour. The snap- 
shots in Figs. 2-4  clearly illustrate the different 
positioning of the two ions. 

3.3. Charge and electric f ie ld  across the membrane 

An electric field is obtained across the membrane 
as a consequence of the distribution of charged atoms, 
ions and water molecules within it. Fig. 8 displays 
the charge density distribution (expressed in e nm -3) 
of the different components across the membrane 
(from MD simulation, the split charges of each com- 
ponent can be obtained). A comparison of Fig. 8aFig. 
8b, leads to the following conclusions: Lithium ions 
very effectively screen the full charge of the lipid 
layer and, as a consequence, the surface potential on 
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Fig. 8. Charge distribution profiles across the membrane  (e  
nm - 3 ) .  (A) in the presence of  64 Na +. (B) in the presence of  64 
Li +. (C) In the presence o f  32 Na + and 32 Li +. The z-axis was 
centred in the middle of  the water layer. 

the membrane is modified with respect to that occur- 
ring when lithium is not in solution. 

Fig. 8c, in which lithium and sodium ions are both 
present in solution, shows how the lipid charge is 
only partially compensated by the lithium ions in the 
interface, while the rest is compensated by the orien- 
tation of the dipole of the water molecules, with no 
contribution from sodium ions at the interface. 

From simulation, the electric potential across the 
membrane can be obtained by means of a double 
integration of the charge density p(z)  [7]: 

' f0   'jo '' 

where the origin for z was the middle of the lipid 
layer. Hence, we can split the potential into the 
separate contributions of its components. Fig. 9 dis- 
plays the total and the partial electric potential ~ (z )  
across the membrane. 

Fig. 9 also shows that the lipid + counterion con- 
tribution to the total potential depends strongly on the 
type of ion. We can see how lithium ions (Fig. 9a) 
screen the lipid potential, reaching a value of 2 V in 
the middle of the water layer against the 6 V in its 
absence or when both types of ion are present in 
solution. 

Screening of the lipid surface potential by different 
types of ions has been studied experimentally [2] with 
the goal of identifying the electrostatic contribution 
to the temperature of the phase transition made by the 
phosphatidylglycerol bilayers. The results reported in 
this article are analogous to the results reported in the 
mentioned experimental work, in the sense that 
lithium ions screen the net charge of lipid membranes 
very effectively. 

Regarding the water contribution to the electro- 
static potential, Fig. 9b displays the behaviour ex- 
pected: Water molecules tend to compensate the lipid 
+ counterion potential by means of the water dipole 
orientation. 

Fig. 9c displays the total potential across the water 
layer. From this, we observe how the shape of the 
electric potential is strongly dependent on the type of 
ion in solution. Thus, the electric potential ranges 
from 0.5 V in the presence of lithium alone to 2.5 V 
in the presence of lithium + sodium ions or in the 
absence of lithium. 
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Fig. 9. Electric potential across the membrane in V. (A) Contri- 
bution of lipids+counter ions. (B) Contribution of water. (C) 
Total potential. 

concentrations of lithium ions. The radial distribution 
function g(r)  is defined as follows: 

N ( r )  

g ( r ) -  4rrr2p~r (3) 

where N(r) is the number of oxygen atoms in a 
spherical crown between r and r + B r, r being the 
distance from the reference atom, and p is the num- 
ber density (taken as the ratio of the total number of 
atoms to the volume of the computing box). 

From Fig. 10, we see how the substitution of all 
the sodium ions by lithium almost removes the charge 
interaction between the serine ammonium groups and 
serine carbonyl oxygens (04) of adjacent lipids 
(according to the atom numeration of Fig. 1). On the 
other hand, we observe an increase in the strength of 
the interactions between the serine ammonium group 
and the phosphatidyl oxygens (09). When both 
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From Fig. 9c, we observe that in the presence of 
lithium ions, the total potential in the middle of the 
water layer is comparable to the value of 0.5 V 
obtained for uncharged DPPC membranes [7]. This 
diminution in potential in the presence of lithium ions 
clearly reflects to the fact that lithium ions stay 
anchored to the lipid surface (Fig. 7b), producing in 
this way a much better screening of the lipid-head 
charges than in the presence of sodium. 

3.4. Lipid-lipid and lipid-ions interaction 

One interesting aspect studied in this work has 
been the plausible effect of lithium and sodium ions 
on the lipid-lipid interactions. 

Fig. 10 displays the radial distribution functions 
g(r)  between serine ammonium groups (-NH~-) and 
lipid oxygen atoms of adjacent lipids at different 
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32 Na ÷ and 32 Li ÷. 
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Table 1 
Coordination number of lipid oxygens by ions 

Oxygen 64 Na 64 Li 32 Na 32 Li 

4 0.38 1.12 0.12 0.38 
5 0.32 0.82 0.14 0.50 
9 0.85 0.82 0.04 0.55 

10 0.85 0.81 0.05 0.55 
16 0.09 0.19 0.00 0.11 
35 0.03 0.09 0.00 0.06 

Atom numeration indicated in Fig. 1. 

sodium and lithium ions are present in the aqueous 
phase (Fig. 10c), we observe how the radial distribu- 
tion functions between ammonium serine group and 
serine carbonyl (04) and phosphatidyl oxygens (09) 
show a similar shape. 

Table 1 displays the lithium and sodium coordina- 
tion numbers around lipid oxygen atoms obtained 
from our simulations by means of a numerical inte- 
gration of the first peak obtained in the radial distri- 
bution functions. It can be seen how lithium ions tend 
to coordinate the carbonyl serine oxygen (04) instead 
of the phosphatidyl ones (09). Sodium ions behaved 
in an opposite way in our simulation, since there 
were located around the phosphatidyl oxygens (09). 

Combining the results obtained for the lipid-lipid 
interactions with those obtained for lipid-ion coordi- 

nation, we observe that the reduction in ammonium- 
04 coordination in the presence of lithium ions is 
clearly compensated by the coordination with lithium. 
When both ions are in solution, we observe that 
lithium ions almost totally displace the sodium ions 
from the vicinity of the lipid oxygens. From the 
lipid-lipid and lipid-ion radial distribution functions 
obtained in our simulations, we observe how the 
presence of lithium disrupts the existing lipid-lipid 
interactions, which are substituted by lipid-li thium- 
lipid interactions. This type of behaviour has also 
been reported in experimental NMR and X-ray exper- 
iments [2]. 

4. Water structure and dynamics 

4.1. Water orientation 

Experimental data [2,29,30] and simulation 
[7,15,31,24,32], have shown how water molecules 
close to the lipid-water interface possesses their own 
identity, clearly differentiating this water from bulk 
water. Its study is in fact of a great interest for a 
proper understanding of many biological processes 
such as the diffusion and permeation of small 
molecules across membranes [33]. However, this be- 
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Fig. 11. Cos of the angle formed by the water dipole and the normal to the membrane, in the presence and absence of lithium ions. 
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haviour greatly depends on the type of lipid head, the 
ionic strength of the solution, type of ions, etc. 

Fig. 11 displays the cosine of the angle formed by 
the water dipole and the normal to the lipid mem- 
brane. In order to study the water dipole orientation 
across the water layer, the computing boxes of the 
simulations were divided into 19 slabs and the results 
are shown in Fig. 11. Angle 0 was defined as the 
angle formed by the unitary water dipole and the 
z-axis (normal to the lipid interface). Slab number 10 
corresponds to the slab centred in the midpoint of the 
water region. 

From Fig. 11, we observe how the presence of 
lithium ions perturbs the water structure in the prox- 
imity of the lipid-water interface, increasing the 
screening of the electric field across the water layer 
and, as a consequence, we observe a reduction in the 
water orientation. In the case of Na + alone, the 
poorer screening of the lipid charge by the sodium 
ions, introduces a higher orientation in the water 
molecules and therefore, the water dipole orientation 
increases in the vicinity of the surface. When sodium 
and lithium are simultaneously present, we observe 
that the water molecules reach their maximum value 
for cos 0 near the lipid-water interface, with a value 
of about 0.5 (almost twice the value obtained in the 
presence of sodium or lithium alone). Again, the 
effect of Li + and Na + is greater than for Li and Na 
alone. This fact is in concord with the trend shown by 
the electric potential, ~O, in Fig. 9. 

For all three cases presented above, a common 
behaviour was observed: Water molecules orientate 
their dipoles toward the phospholipid layers, resem- 
bling the behaviour previously reported for zwitteri- 
onic lipid layers of PE (phosphatidylethanolamine) 
[9] and PC (phosphatidylcholine) [8,31]. 

4.2. Lipid layer hydration 

As regards lipid hydration, Table 2 displays the 
values obtained from our simulation by integration 
over the first hydration shell. From a comparison of 
the values obtained from our own simulations (in the 
three systems considered in this paper), we note that 
lithium ions drastically reduces lipid hydration. These 
results agree with experimental data obtained by NMR 
and X-ray measurements [3], where dehydration of 

Table 2 
Coordination number of lipid oxygens and NH ~ by water 

Oxygen 64 Na 64 Li 32 Na + 32 Li 

4 1.98 1.38 1.79 
5 1.60 2.04 2.27 
9 2.63 1.04 1.36 

l 0 2.63 1.09 1.28 
NH~ 1.27 0.851 0.816 

Atom numeration indicated in Fig. 1. 

PS bilayers was observed in the presence of lithium 
ions, leading the lipid membranes to a gel state. 

Hydration of the serine ammonium groups occurs 
in a similar way to hydration of the lipid oxygens, 
there being a clear dehydration of this group in the 
presence of lithium. All these results confirm that 
lithium brings about a high degree of dehydration, 
inducing at the same time the ordering of DPPS 
membranes. Note that the results for 50% Li + are 
close to those for 100% Li +, indicating that even a 
small amount of Li may cause an intense dehydration 
effect. 

4.3. Translational diffusion coefficient 

Regarding the mobility of water in the vicinity of 
the membrane interface, the translational diffusion 
coefficient D t was computed from our simulations. 
This quantity is related to its displacement by mean 
of the Einstein equation, 

1 
D r =  -~--fi((r(t)- r ( 0 ) )  2) (4) 

in which f is the number of degrees of freedom taken 
into account in the motion of the particle. From Eq. 
(4), and a simple linear regression of the square 
displacement at two different times, we can evaluate 
D t. As the motion along the three dimensions of the 
space does not make sense in this case (the motion of 
water along the z-axis is constrained by the two lipid 
layers), we computed the water motion on the 
pseudo-infinity xy-plane parallel to the membrane. 
Thus, in Eq. (4), f takes the value of 2. From our 
simulations, we attempted to estimate the lateral dif- 
fusion coefficient Dt, xy as a function of the instanta- 
neous z position, in the presence and absence of 
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Table 3 

Translational diffusion coefficient of water expressed as  Dt, xy X 
105 cm 2 s -  1 in different parallel slabs 

Slab 64 Na 64 Li 32 Na + 32 Li 

6 2 .49+0.09  - 1.31 _+0.03 
7 4.0 _+ 0.3 2.49 + 0.03 4.75 _+ 0.11 
8 5.39_+0.06 6.01 _+0.02 6.18_+0.03 
9 7.341 _+0.019 9.27_+0.03 6.68_+0.02 

10 8 .170+0.015 10.38+0.05 7.000_+0.014 

Slab number 10 corresponds to middle of the water layer. Only 
the first half of the membrane was displayed for symmetry. 

lithium. For this, the membrane (cases A, B, C of 
Section 2.1) was divided into 19 slabs. The high 
mobility of the water molecules means that they 
remain very briefly in each slab, and this makes it 
difficult to assign them to individual slabs. In previ- 
ous articles [7,14,15] this problem was solved as 
follows: the trajectory was split into shorter sub- 
trajectories of 10 ps. On each sub-trajectory, a water 
molecule was assigned to the particular slab in which 
its centre of mass (computed along the sub-trajectory) 
remained during most of the time. 

Table 3 shows the computed results of the diffu- 
sion coefficients of water in parallel slabs of the 
membrane, expressed in cm 2 s -1 Slab number 10 
was located in the middle of water layer. An impor- 
tant conclusion can be drawn from these results,: the 
presence of lithium slows down the diffusion of 
water at the interface (slabs numbered 6, 7, and 8). 
However, an opposite behaviour was observed in the 
middle of the water layer, which can be explained as 
follows: The presence of lithium ions dehydrates the 
membrane (as discussed above) and the few water 
molecules that penetrate into the lipid layers behave 
much more like coordination water than free water. 
As a consequence, a reduction in the translational 
diffusion coefficient of the water is to be expected, 
which is indeed shown by our results. 

However, in all the cases described above, we note 
that the water diffusion coefficient in the middle of 
the water layer (slabs 9 and 10) agrees with the 
diffusion coefficient of water at 349 K of 7.5 × 10 5, 
for bulk SPC [34], except in the case of lithium alone, 
when we obtained a value slightly higher than ex- 
pected. 

5. Structure and dynamics of lithium and sodium 
ions 

To date, most of the previous investigations re- 
garding sodium and lithium ions in aqueous solution 
[35-40] have been carried out without taking into 
account the presence of a charged diffuse interface, 
such as the lipid-water interface. Only studies of 
lithium and sodium's behaviour under uniform elec- 
tric fields [22] have been carried out. 

For this reason, we studied some properties related 
to the structure and dynamics of these ions in the 
presence of a charged membrane of DPPS. Table 4 
shows the translational diffusion coefficient Dt, xy in 
different slabs of the membrane (19 in total, although 
for reasons of symmetry we will take into account 
only the first half). Slab number 10 corresponds to 
bulk water. Previous calculations of the diffusion 
coefficient of lithium and sodium ions [22] at very 
dilute solutions (in bulk water) reported the following 
results for Dt, xv: 0.44 -+- 0.18 × 10 -5 and 0.52 ___ 0.13 
× 10 -5 (cm 2 s ~) for Li ÷ and Na ÷, respectively, 
obtained from MD simulations at a temperature of 
298 K, which is rather lower than that of our simula- 
tion (350 K). From simulation [39] a diffusion coeffi- 
cient (Dt, x~) of 2.0 × 10 -5 c m  2 S-1 was measured 
for lithium in bulk water at 368 K (close to our 
temperature). From a comparison of our results in 
Table 4 with the values shown above, we note a 
discrepancy for the central slabs of the water layer by 
a factor of 3. One possible explanation may be that 
the diffusion of ions submitted to a net potential 
along the z-axis perpendicular to the membrane plane 

Table 4 
Translational diffusion coefficient of lithium and sodium ions, 
expressed as  Dt, xy X 10 5 in (cm 2 s -~ )  in different slabs in the 
membrane 

Slab 64 Na 64 Li 32 Na 32 Li 

6 - 0 .484+0.010  - 0.661 +0 .016  
7 2 .0+  1.1 1 .212+0.014 - 0 .81+0 .02  
8 4.41 +0 .06  3 .02+0.03  4 .69+0 .12  3.55_+0.15 
9 7.80_+0.06 - 8.03_+0.05 6.4_+0.3 

10 7.30_+0.14 - 7.95_+0.04 - 

Slab number 10 corresponds to middle of the water layer. Only 
the first half of the membrane was displayed for symmetry. 
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Table 5 
Hydration numbers and residence times of water surrounding 
lithium and sodium ions (in the presence of only one kind of ion) 
in different slabs of the membrane 

Slab Hydration numbers Residence times (ps) 

Na Li Na Li 

6 1.2 0.2 2.3 8.2 
7 2.0 1.0 1.8 3.1 
8 3.2 2.6 1.6 2.0 
9 4.3 4.3 1.5 1.6 

10 4.6 5.1 1.4 1.4 

Slab number 10 corresponds to the middle of the 
Only the first half of the membrane was displayed 
of symmetry. 

water layer. 
for purposes 

perturbs their mobility in the midwater layer, this 
increasing the diffusion coefficient. As commented 
above, it is very difficult to find Li ÷ in the middle of 
the water layer and so, we cannot report results for 
lithium diffusivity in that region. 

From Table 4, we note how the diffusion coeffi- 
cient decreases for lithium ions much more than for 
sodium, as we approach the lipid-water interface 
(number 6, 7, and 8). This indicates that the interac- 
tion between lipids and lithium is stronger than that 
between lipids and sodium. 

Integrating the first peak of the radial distribution 
function of water around lithium and sodium ions 
(Eq. (3)), we estimate the hydration numbers of their 
first shell at different depths in the membrane (Table 
5). For lithium ions, we obtained the value of 5.1 in 
the middle of the water layer, 2.7 at the interface and 
0.58 in the deepest zones of the membrane. For 
sodium ions, we obtained the values 4.6, 2.18 and 
0.71 in the same conditions. Our results for the two 
ions in the middle of the water layer show good 
agreement with previous results obtained from exper- 
imental data or from simulation in bulk water 
[22,38-40], with values ranging from 4 to 6 water 
molecules for both lithium and sodium. In addition, 
we observe how lithium and sodium suffer substan- 
tial dehydration inside the membrane, this effect be- 
ing compensated by interaction with lipid molecules, 
which afford a favourable environment to stabilize 
this effect. However, lithium and sodium ions do not 
dehydrate completely even in the deepest zones in- 
side the membrane. 

Significant changes were observed in the residence 

time of water in the first hydration shell of lithium 
and sodium ions (Table 5) at different depths in the 
membrane. These values were computed directly from 
the time spent by a water molecule in the first 
hydration shell of an ion. The values measured from 
our simulations agree with previous results obtained 
for lithium and sodium ions in aqueous solutions 
using MD calculations [38]. From these results, we 
observe the trend of the water molecules to remain 
attached longer to the ions when they penetrate into 
the membrane than in the bulk. This effect is even 
more pronounced for lithium than for sodium. From 
our understanding, this is not entirely unexpected 
since the water molecules anchored to an ion inside 
the membrane have very little freedom of movement 
and therefore they remain bound to the ions for a 
longer time. 

6. Conclusions 

The presence of lithium ions strongly perturbs the 
lipid structure of a DPPS membrane. These changes 
are reflected by an increase in the order parameter of 
the lipid tails, as a clear consequence of the transition 
from a disordered to a gel state. These changes are 
clearly related to dehydration of the lipid membranes 
in the presence of lithium. One consequence of this 
dehydration is an increase in the l ipid-ion-lipid in- 
teractions. 

From our simulations, it is clear that lithium ions 
act on the membranes by very effectively screening 
in their electric potential, the lithium atoms anchoring 
to the membrane surface and thus removing the 
hydration water. This screening effect is so strong 
that the electric potential in the middle of the water 
layer approaches values very close to those reported 
for uncharged membranes. In addition, the screening 
of the lipid charge by lithium ions perturbs the 
dynamic and steady properties of water to a greater 
extent than when sodium ions are used as counteri- 
ons. 

As regards lithium and sodium ions, the presence 
of a charged membrane formed of DPPS-  also per- 
turbs the ion hydration shell, reducing their hydration 
number in the vicinity of the membrane compared to 
that of bulk water. Our simulations also showed an 
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increase in the residence time of water in the first 
hydration shell of ions in the deepest zones of the 
membrane. 
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