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To gain a better understanding of how monovalent salt under physiological conditions affects plasma
membranes, we have performed 200 ns atomic-scale molecular dynamics simulations of phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) lipid bilayers. These two systems provide representative models for
the outer and inner leaflets of the plasma membrane, respectively. The implications of-tipttbimteractions

in these lipid systems have been considered in two different agueous salt solutions, namely NaCl and KCl,
and the sensitivity of the results on the details of interactions used for ions is determined by repeating the
simulations with two distinctly different force fields. We demonstrate that the main effect of monovalent salt
on a phospholipid membrane is determined by cations binding to the carbonyl region of a membrane, while
chloride anions mostly stay in the water phase. It turns out that the strength and character of thdipation
interactions are quite different for different types of lipids and cations. PC membranes aiahbldemonstrate
strongest interactions, leading to notable membrane compression. This finding was confirmed by both force
fields (Gromacs and Charmm) employed for the ions. The binding of potassium ions to PC membranes (and
the overall effect of KCI), in turn, was found to be much weaker mainly due to the larger size diaK
compared to Na Furthermore, the effect of KCl on PC membranes was found to be force-field sensitive:
The binding of a potassium ion was not observed at all in simulations performed with the Gromacs force-
field, which seems to exaggerate the size of ‘aiéh. As far as PE lipid bilayers are concerned, they are
found to be influenced by monovalent salt to a significantly lesser extent compared to PC bilayers, which is
a direct consequence of the ability of PE lipids to form both intra- and intermolecular hydrogen bonds and
hence to adopt a more densely packed bilayer structure. Whereas for NaCl we observed weak binding of Na
cations to the PE lipidwater interface, in the case of KCl we withessed almost complete lack of cation
binding. Overall, our findings indicate that monovalent salt ions affect lipids in the inner and outer leaflets
of plasma cell membranes in substantially different ways.

I. Introduction composition depends on the membrane region in question.
Considering the biological relevance of salt ions, the most
important ones include Na K*, CI-, C&", and M¢*. The

role of divalent C&" is particularly important, e.g., in mito-

A lipid bilayer is generally considered as a structural matrix
for molecules such as proteins and cholesterol, which are

embedded in the lipid bilayer. Together, they form complex
cell membrane structurésThe cell membranes are involved in
a variety of cellular functions, for which reason their composi-
tion and distribution are regulated in many ways. The asym-
metric distribution of lipids across a membrane provides one
means for this purpose. This is highlighted by the distribution
of lipids in the plasma membrane of eukaryotic cells, where ; . . o0
the lipid composition in the outer and inner leaflets of the Membrane. The impact of potassium ions on phospholipid
membrane differs substantially from each other. In the outer MeMbranes seems to be weaker compared to sodiun¥fons.
leaflet, the most abundant class of lipids are phosphatidylcho- As computational modeling has become an irreplaceable tool
lines (PCs), while the inner leaflet is mostly comprised of for finding molecular-level information of complex many-
phosphatidylethanolamines (PEs). component membrane systetid, is expected that simulations
Under physiological conditions, lipids in biological mem- can also provide a great deal of insight into the salt-induced
branes interact with a solution of salt ions, whose detailed effects on lipid membranes. The main obstacle in such studies
is related to rather long time scales associated with the binding

chondrial membranes, whereas monovalent ions such as Na
and K~ are important in modulating the properties of the plasma
membrane, for exampfe> Recent experimental studfeg have
demonstrated that monovalent cations such as sodium can have
a significant impact on lipid membranes: lon binding enhances
lipid—lipid interactions and leads to a compression of the

:COyresponding author e-mail: A.Gurtovenko@bradford.ac.uk. of ions to lipid membranes. Consequently, the first realistic
#gngrgyuor‘:i\%?gg’rgf- Teshnalogy atomic-scale simulations of membranes under the influence of
§ Helsinki University of Technology. salt have been performed only rather recently. The majority of
I'University of Southern Denmark. studies have by far dealt with effects of salt on zwitterionic

10.1021/jp0750708 CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/29/2008



1954 J. Phys. Chem. B, Vol. 112, No. 7, 2008 Gurtovenko and Vattulainen

(neutral) lipid bilayer$;1%-16 though an increasing number of TABLE 1: Lennard-Jones Parameters of lons

studies have also gauged the effects of (counter)ions on ons o (nmy ¢ (kd/moly
i idl7—20 ioniel 22 lini
anlomé. land cationié>?? lipid membranes. . Na' 0.25752 (0.24299) 0.061774 (0.19629)
Considering the plasma membrane of eukaryotic cells, the |+ 0.64541 (0.31426) 0.5665 104 (0.364001)
computational studies that have been carried out by far have ¢|- 0.44480 (0.40447) 0.44559 (0.62760)

focused on the effect of monovalé#t1413NaCl) and divalerit
(CaCb) salts on bilayers comprised of zwitterionic PCs. This
setup essentially corresponds to theerleaflet of the plasma

membrane. The studies have provided compelling evidence thal, e g ths force-field for MD simulation studies of asymmetric

cations are able to penetrate deep into a membrane up to thefipid membranes built from PC and PE leaflétswvater was
carbonyl region and form tight complexes with lipid mol- modeled using the simple point charge (SPC) métidior
ecules>!t1215Characteristic times required for ion binding to (o 4ium potassium, and chloride ions were employed two
occurvvfere f_ou?d to b??’ms Lor s_odl_um ";@F‘d ashlong aS  different sets of parameters. The first set was originally
100 ns for divalent caiciu T € binding of cations has been developed in ref 29 and is supplied within the GROMACS force-
found fo have a.3|gn|f|cant impact on the structural anq field.2° The second set is based on parameters developed by
dynamical properties of PC_ membranes: It leads to a drop N Roux and Beglo¥ and incorporated into the Charmm force-
the area perhpld accompqnled by an enhanced _ordgrmg_ of lipid fig g (these are available online at: http://thallium.bsd.
acyl chains and the slowing down of lateral diffusion in the uchicago.edu/RouxLab/downloads/charmm/parameters/ions.

11,12,15 . . . .
membrane plang:! , dat). The ion parameters employed in this study are summarized
The understanding of salt-induced effects on plasma mem-;, Taple 1.

branes is largely incomplete, however. This is due to the
lack of studies on the effect of salt ions on phosphatidyletha-
nolamine (PE) lipid membranes. The PE lipids are abundant in
the inner leaflet of plasma membranes and their interactions

with ions can be highly relevant for understanding membrane The binding of ions to lipid carbonyl oxygens is accompanied

properties. This issue is espec_ially_ relevqnt for ir_lteractions by the loss of water molecules from the first hydration shell of
between a PE leaflet and potassium lons, since the inner I.eaﬂeﬁ'ons. Since the hydration of ions is slightly different when the
of the Plasma memprgne_ faces a major molar concentration OfSPC and TIP3P water models are employed, one might expect
potassium ions. .Th's IS In contrast to the outer (PC) I_eaflet, that the use of a particular water model could affect ion binding
which in turn is influenced by a substantial concentration of to the membrane surface. However, this effect (if present at

so_(lj_lum |on3. h d di f salt-induced eff linid all) should be rather weak as the binding is a stochastic
0 extend the understanding of salt-induced effects on lipid ,.5ca55: An jon driven by thermal fluctuations can appear

membr_anes unqler ph?/smlolglca: cogdmon_s, 'nlt;]g W(.)rk \I/ve_ use occasionally in the vicinity of the watetipid interface and
extensive atomic-scale molecular dynamics (MD) simulations eventually bind to a lipid, provided that the simulation is

tF(,)EcFa_r;ctean the influence of NaCl ?ndh_KCI \s/\z;lltsdon PC and gtended to long enough times. As an illustration of this matter,
Ipid membranes in a systematic fashion. We demonstrate o o consider the binding of divalent Ca ions to a phospho-
that_ the effect of monovalent S‘?‘" strongly d_eper_lds on .the tyloeIipid membrane. The electrostatic attraction between water
of lipids f""?d cations: Interactions of .sodlum ions with the - ;51604 1es with divalent cations is considerably stronger than
phospholipid-water interface are considerably stronger than i, their monovalent counterparts; this, however, leads only
those of potassium ions, and PC membranes are influenced by[0 the slowing down of the ion bindirig. Thus, the choice of
monovalent saltto a s_lgnlflcantly Iqrger extent than PE b|Iayers. a water model should hardly affect the binding of salt ions to
Our recept study provided a preliminary view on the interactions lipid carbonyl oxygens, and therefore the main findings of the
O]]: KCl with PC mefmbrar;_e?l*)ZFurr]thermoreaas the deg/elopmert:t paper. Further, the use of the Charmm force-field for ions, and
of accurate |on4orce fields has turned out to be a rather y,q comparison of related results with those obtained by the
challenging ta?’%' we discuss this matter by considering the o m,cg force-field, provides insight for the sensitivity of
sensitivity of simulation results to a choice of the force-field membrane properties on the details of the ion force field

employed for ions. The Lennard-Jones interactions were cut off at 1 nm. For

the electrostatic interactions, we used the particle-mesh Ewald

method?32 which has been shown to perform very well in
We have performed atomic-scale molecular dynamics simula- membrane simulation®¥: 3¢ Simulations were performed in the

tions of single-component lipid bilayers comprised of zwitter- NpT ensemble at the physiological temperatufe< 310 K)

ionic palmitoyl-oleoyl-phosphatidylcholine (POPC) and palmi- and at a pressure set to 1 bar; temperature and pressure were

toyl-oleoyl-phosphatidylethanolamine (POPE) lipids in aqueous kept constant by the Berendsen schéftighe time step used

solution with either NaCl or KCI salt. A typical simulation in all simulations was 2 fs.

system consists of 128 lipids, about 5000 water molecules, 20 Overall, eight different bilayer systems with salt were

cations, and 20 anions; the corresponding salt concentration isconsidered: Two different lipid bilayers (POPC and POPE) in

2 Presented are parameters for the Gromacs force-field (Charmm
parameters are shown in brackets).

We note that the Charmm force-field parameters for ions were
developed in conjunction with the TIP3P water model. As
mentioned above, in this study we use the SPC water model as
it is dictated by the choice of the force-field for phospholipids.

Il. Materials and Methods

~0.2 M. aqueous solution with two different salts (NaCl and KCI)
Force-field parameters for POPC lipids were taken from the modeled by two distinct sets of parameters for ions (Gromacs
united atom force-field of Berger et &;To make a self- and Charmm). Every bilayer system was simulated for 200 ns.

consistent systematic comparison of the properties of POPCAs a reference, two 100 ns long MD trajectories of salt-free
and POPE lipid bilayers, we chose to use the same set of POPC and POPE lipid bilayers were taken from ref 27. The
parameters for POPE lipids with the exception of the head total simulated time amounted to 1.6 microseconds. Equilibration
group region: PE head groups were described following the of the systems is discussed below. All simulations were
POPE model of Tieleman and BerendgéRecently, we have  performed using the GROMACS suite.
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C PII t_here is reason to monitor equi_lit_)ration not only through_the
c —1!1— c H—=N—H time evolution of the area per lipid but also through the time
| | development of coordination numbers of cations with some
C\ H principal lipid oxygens. Similar to previous studie¥,®here
c /C we consider the coordination of cations with lipid carbonyl and
o’ (I) water oxygens. For that purpose, the radial distribution functions
| (RDFs) of cations and the oxygens were calculated and the radii
0=P=0 0= f -0 of the first hydration shells were extracted. Coordination
(I) 0 numbers were then computed by counting the number of oxygen
| | atoms in the first hydration shell of a cation.
C\ ‘N In Figure 2 we show the time evolution of coordination
c’c| C’C| numbersNc of Nat ions with POPC carbonyl and water
o~ o 07 o oxygens. The binding of a sodium ion to the carbonyl region
| | | | _ of a PC membrane is clearly seen through increasing coordina-
0=cC C|= 0 o=cC (|:_ 0 tion of a sodium ion with the carbonyl oxygens of POPC lipids
I srln an2 (atoms 1Ocarb and 2Ocarb in Figure 1), accompanied by a
Figure 1. Chemical structure of the head group region of phosphati- S_Ignlflcant loss of water oxygens from the ion’s first coordina-
dylcholine, PC (left), and phosphatidylethanolamine, PE (right). tion shell.
) ) Figure 2 shows that this process can take up teBDns.
Ill. Results and Discussion We note that for the bilayer system in which Gromacs force-
A. Effect of Monovalent Salt on POPC MembranesWe field parameters are used for ions (Figure 2 (top)) the coordina-

start by considering the effects of monovalent salt on POPC tion numbers do not look completely stabilized even after 200
lipid membranes, whose head group region is sketched in Figurens; their deviations from the equilibrium state are rather small,
1 (left). In Table 2, we have summarized several structural though. Other computational studiés*>23that employed the
characteristics computed for all bilayer systems we have studied.same force-field for lipids and ions showed, however, complete

Salt-Free POPCFor a salt-free POPC bilayer at 310 K the equilibration within 36-40 ns, so that the deviation observed
area per lipid was found to be 0.652 0.002 nm (the area in the present work can be considered as a fluctuation. Therefore,
was averaged over the last 70 ns out of 100 ns trajectory). Onall structural characteristics presented in this work have been
the experimental side, values of 0.66H(h = 310 K) 28 0.65 calculated over the last 100 ns (out of 200 ns long MD
nm? (T = 298 K) 22 0.64 nn? (T = 298 K)*° and 0.63 nrA(T trajectories).

= 297 K)** have been reported for the area per lipid for POPC  The tight binding of sodium ions to the carbonyl oxygens of
bilayers. Therefore, our value for the area per lipid is in good pOPC lipids affects the structural properties of a membrane. In
agreement with available experimental data (as well as with particular, it leads to a considerable compression of the
previous MD studies*?4, validating thereby the molecular  membrane coupled to an enhanced ordering of hydrocarbon lipid
model employed in this study. Furthermore, the average anglechains. Another important structural characteristic of zwitterionic
between the PN vector (from phosphorus to nitrogen in the  phospholipid bilayers is the orientation of lipid head groups with
head group) and the outward bilayer normal for a POPC bilayer respect to the outward bilayer normal. It is of particular interest
was found to be around 78 degrees, in agreement with previousince the orientation of the dipole moment in the lipid head
studies’ To characterize the dynamic properties of phospholipid group contributes to the electrostatic potential across a lipid
bilayers, we fpcuged on thg !ateral mobility of lipid molecules. monolayer. Complexation of lipids with cations leads to a
The lateral diffusion coefficienD, was evaluated ab, = remarkable reorientation of PC head groups toward the water
lime—o(1/4)F(t) — T(O)I?0) i.e., from the slope of the mean-  hace see Table 2. The catidipid complexation is also
square displacemenir(t) — T(0)]Tof lipids’ centers of mass responsible for a dramatic decrease in the lateral mobility of

in the bilayer plane. To improve accuracy, the effects of the ;,4¢ seen via up to-50% drop in the diffusion coefficierd,
motion of the centers of mass of two monolayers relative to of a POPC bilayer with NaCl salt, see Table 3.

each other as well as barostat effects were excluded. Each 100 . . . .
ns production run was splitted into four pieces; for every piece The aboveg fmdmg_s are in good agreement with experl-
of 25 ns we computed the mean-square displacenfgfty — mental flzalg&‘ .and with preV|ou§Iy repqrted compgtatlonal
F(0)20up tot = 12.5 ns. The slope dfF(t) — F(0)]2Cwas then resul_ts_ﬁs_ A5t is, however, very |nstruct|ye to consider the
evaluated within a time window from 4 to 8 ns. The diffusion Sensitivity of the results to a force-field employed for
coefficient D, was calculated separately for every piece of MOdeling salt ions. For doing that we performed simulations
trajectory, providing thereby an estimation for the error mar- for all bilayer systems using two distinct sets of ion parameters,
gin&15 The lateral diffusion coefficient®, for all bilayer Gromacs and Charmm (results related to the Charmm force-
systems studied in the paper are summarized in Table 3. Infield are shown in brackets throughout Tables 2 and 3). As
particular, for the diffusion coefficient of a salt-free POPC ©One can see, both sets of parameters give very similar
membrane, we foun®, = (5.68 + 0.82) x 1078 cn¥/s in results regarding the area per lipid (0.604for Gromacs and
reasonable agreement with previous stulies. 0.608 nnd for Charmm), the fraction of cationg e
POPC Under the Influence of NaCRddition of NaCl adsorbed on a membrane (0.87 vs 0.85), and the lateral dif-
drastically changes the structural properties of a POPC lipid fusion coefficientD, (3.11x 1078 cn¥/s vs 3.20x 108 cn?/
bilayer through the binding of cations to the lipidiater s). However, the character of ion binding was found to be rather
interface. Previous MD studies clearly demonstrated that ion different: As seen from Figure 2, sodium ions in the Gromacs
binding is a rather slow process, which emphasizes the fact thatforce field description bind to lipid head groups con-
system equilibration is one of the central issues in simulations siderably stronger than in the case where the Charmm
of lipid bilayers with sal€-11.15Hence, in simulations with salt ~ force field parameters are being used. On average, a sodium
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TABLE 2: Summary of MD Simulations of Phospholipid Membranes with Monovalent Salt

lipids sale AL(nnP)P NG Crwmwiga NG L a1 [penC(degy
1 POPC 0.652 77.9
2 POPC NaCl 0.604 (0.608) 3.09 (2.14) 0.87 (0.85) 1.30 (1.22) 0.30 (0.25) 71.3(69.6)
3 POPC KCl 0.648 (0.639) 1.17 (1.88) 0.07 (0.37) 1.15 (1.13) 0.17 (0.17) 77.3(74.2)
4 POPE 0.519 92.8
5 POPE NaCl 0.509 (0.511) 2.99 (2.38) 0.24 (0.34) 1.36 (1.11) 0.16 (0.15) 89.9 (88.6)
6 POPE KClI 0.511 (0.509) 0.16 (1.66) 0.01 (0.06) 1.20 (0.94) 0.11 (0.08) 93.1 (93.6)

aTwo force-fields, Gromacs and Charmm, were employed for salt ions. Shown in brackets are values corresponding to Charmm ion parameters.

b The area per lipid,Al] errors forfACwere estimated to be0.002 nm. The errors throughout the study were computed as standard errors of mean
by splitting a trajectory into 10 ns piecesCoordination numbers of cations with lipid carbonyl oxygelngfgirg"s), and of anions with nitrogen
atoms of phospholipidsN@°') Errors for N9 were found to be in the range from 0.03 to 0.09; errors N’ were less than 0.03.

d Fractions of cations and aniong="!¥and ") hound to carbonyl oxygens and nitrogens of phospholipid molecules, respectively. A cation
(anion) was considered to be bound to the lipiater interface if it has a carbonyl oxygen (nitrogen) in its first coordination shell. Errors for
fractions of sodium and chloride ions did not exceed 5%, whereas errors for fractions of potassium ions were in the range from 3.5 h&4.5%.

average angle between the-R vector of a lipid head group and the outward bilayer normal; errors were found to be less than 0.3 degrees.

TABLE 3: Lateral Diffusion Coefficients D, of POPC and o—mr"T—T"T"TTT T T
POPE Membranes
lipids salt D, (10 %cn¥/s f s Na - Owater GROMACS |
1 POPC 5.68t 0.82
2 POPC NacCl 3.1%# 0.47 (3.20+ 0.76) ’
3 POPC KCl 6.36+ 1.64 (4.97+ 0.97) 41 -
4 POPE 1.16+ 0.30
5 POPE NaCl 0.98-0.20 (1.01+ 0.27) i iy
6 POPE KCl 0.7t 0.18 (0.84+ 0.26) ZU 3k

aTwo force-fields, Gromacs and Charmm, were employed for salt - -
ions. Shown in brackets are values corresponding to Charmm ion
parameters. The errors f@ were computed as standard deviations.

[ o]
I

1 Na - Ocarb .

ion binds to 3.09 and 2.14 POPC lipids for Gromacs and
Charmm descriptions, respectively (see Table 2). We note that 1 : : | | . . : |
these coordination numbers reflect the actual binding of Na 0= L 4 4 . L
ions to the carbonyl oxygens as the averaging was performed 0 20 40 60 80, 100 120 140 160 180 200
only over ions which have lipid carbonyl oxygens in the first Time [ns]
coordination shell; in contrast, the coordination numbers
Nc shown in Figure 2 were averaged over all cations in the
system.
The somewhat weaker binding of Néons in Charmm can 5 Na - Owater CHARMM -
also be visualized through the component-wise density pro-
files of various constituents of the system, summarized in Figure
3 (for clarity’s sake, the density profiles were normalized by
their maximal values). With Gromacs parameters the density
profile of Na* ions exactly coincides with the profile of lipid ZU 3
carbonyl oxygens, indicating tight complexation. In simu-
lations with the Charmm force-field for ions, the peak of the
Na" density profile is notably shifted toward phosphate
groups, see Figure 3, which suggests weaker binding of sodium
ions to the carbonyl oxygens. As a result, in this case
sodium ions are closer to the watdipid interface as compared Na - Ocarb
to the situation seen with Gromacs parameters, and thds Na T
ions in simulations with Charmm parameters are able to push 00 50 40 60 80 100 120 140 160 180 200
choline groups somewhat further toward the aqueous phase. The i
latter is confirmed by the stronger reorientation of head Time [ns]
group PC vectors in simulations with Charmm parameters, Se€rigre 2. Time evolution of coordination numbel of sodium ions
Table 2. with lipid carbonyl and water oxygens for POPC membranes. Shown
The origin of the different character of sodium binding for are results for Gromacs (top) and Charmm (bottom) force-field
the two ionic parameter sets is expected to lie in the slightly parameters used for ions.
different sizes of Naions in Gromacs and Charmm force-fields,
see Table 1. The somewhat larger'Nans given by Gromacs  coordination with choline groups, see Figure 3 and Table 2; no
parameters are likely able to accommodate more carbonylsignificant differences were observed for the two sets of ion
oxygens in their first coordination shells compared to simulations parameters.
performed with the Charmm force-field for ions. It has to be POPC Under the Influence of KCNow we turn to the
also noted that chloride ions stay mainly in the water phase discussion of how KCI affects POPC lipid membranes. It turns
and bind only very weakly to the interface through transient out that the effects of the binding of potassium ions to a PC

L L L L

[=2}

-

-
.
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Figure 3. Component-wise density profiles (scaled by the maximal value of each component) as a function of the distamctne bilayer

center £ = 0). Shown are results for POPC bilayers with NaCl (left) and KCI (right), salt ions being described by Gromacs (top) and Charmm

(bottom) force-fields. All density profiles were averaged over two leaflets.

bilayer are quite different for the two parameter sets employed studies3!#4-46 Additionally, a very small value o¢ makes a

for the ions. In the case of the Gromacs force-field, the binding K+ ion in the Gromacs force field a hard (large) sphere. For
of potassium ions is almost fully absent, as most of ikins comparison, the value @f for a potassium ion in the Charmm
prefer to be located in the aqueous phase, see Figures 3 and 4orce field is larger than that for a sodium ion by onhB0%.

As a consequence, the area per lipid, the average head groun these grounds, it is likely that the Charmm parameter set
orientation, and the lateral lipid mobility remain almost un- provides a more realistic description for KCI.

changed in the POPC bilayer system when the concentration Overall, when the effects of KCl and NaCl are compared with

of KClis increased from 0 t0 0.2 M, see Tables 2 and 3. one another, a considerably weaker effect of KCl on POPC
The situation is opposite for simulations where the Charmm e mbranes is mainly related to the difference in the size of

force field '? used ‘;Or: 'Oni: Potas_sm_rp |ons| dlo bind to the fipid  yhese two cations. A sodium ion, being smaller than a potassium
wate(; |tnter Z.Ce’ althoug tg_a S|gn;3|car;ti/ isser extﬁnt COM- ion, has a larger surface charge and a more ordered first
pared 1o sodium 1ons, See FIgures s and 4. As a resuft, one Carhydra’tion shell, and, therefore, is able to attract water and lipid

witness a minor but noticeable effect of KCI on a POPC carbonyl oxygens more strongly. Indeed, the average fractions
membrane, manifested as a rather small compression of the (cations)

membrane and reorientation of PC head groups as shown inOf Cations y poung conden_sed on the membrane. surface are
Table 2 and as a small drop in the lateral diffusion coefficient, found to be 0.85 for Naions versus 0.37 for Kions (see
see Table 3 (also note large error marginddo). Such a notable Tab_le 2 _for S|_mulat|ons with Charmm), so_tha_tt the b|nd|ng_of
contrast in membrane properties due to the two different force- S0dium ions is much stronger than the ban|ngarﬁ)jnSp;otaSS|um
field parameter sets forKions can directly be associated with 1Ons. Interestingly, the fraction of chloride iong,,,q near

a large difference in the Lennard-Jones parameters of Gromacghe membrane surface is notably larger for the POPC system
and Charmm force-fields. The Lennard-Jones diameter of a K With NaCl than for the bilayer with KCI, see Table 2. This can
ion in the Gromacs force-field is more thamo timeslarger be explained by the fact that Clons compete for the lipie

than that in the Charmm force-field (see the parameteiTable water interface with K ions, while this is not the case for POPC
1). When compared with the corresponding diameter of & Na bilayers with NaCl as most sodium ions in this case are located
ion, the Gromacs force-field for potassium and sodium ions deep in the interface. The effect should vanish with increasing

seems to exaggerate the size difference of these H81%), salt concentration. Overall, the above differences in lipid
whereas their Pauling ionic radii differ by just 35%, see, e.g., complexation with N& and K" ions should hold for any force
ref 5. Furthermore, the Gromacs value forof a K ion fields employed for ions as long as the Lennard-Jones diameter

employed in this study is much larger than those used in other of a sodium ion is smaller than that of a potassium ion. The
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to be almost insensitive to the force-field employed for ions. In
turn, the effect of KCI on the electrostatic properties of POPC
membranes is much weaker, in agreement with the weaker
binding of K* ions reported above. When the Charmm force
in line with the reported experimentdland computation&t field was employed for ions, one observed only slight changes
observations. in the electrostatic potential, the increase of the potential across
All distinct features observed in the mass density profiles a monolayer being just 0.04 V as compared to a salt-free bilayer
for POPC membranes with NaCl and KCI are also translated (Figure 5 (top)). For Gromacs simulations we did not observe
to the distribution of partial charges in the systems (data not any influence of KCI on the electrostatic potential (data not
shown). The latter is crucial for membrane electrostatic proper- shown).
ties such as the electrostatic potential across a membrane. For B. Effect of Monovalent Salt on POPE MembranesNow
all considered POPC bilayers we computed the electrostaticwe turn to the discussion of the effects of monovalent salt on
potential from the Poisson equation by twice integrating over the properties of PE membranes. The main difference between
charge densities, see Figure 5 (top). For a salt-free POPCPC and PE lipids lies in the nature of their head groups, see
membrane we found that the overall potential difference betweenFigure 1. POPE has a primary amine in its head group (instead
the membrane center and the aqueous phas®iS5 V. This of a choline moiety in POPC), for which reason POPE lipids
value is in agreement with numerous computational stud- are capable for the formation of both intra- and intermolecular
ies812.1521.27.4744yhile corresponding experimental values are hydrogen bond%* As a result, the watetlipid interface of a
in the range of 206600 mV49-53 Addition of NaCl leads to a POPE membrane is considerably more densely packed as
pronounced change in the electrostatic potential of a PC compared to that of a POPC membrane. This inevitably should
membrane: The peak of the potential in the region of thedipid  hinder the binding of ions and reduce salt effects overall.
water interface increases and is shifted toward the water phase, Salt-Free POPEFor the area per lipid of a salt-free POPE
reflecting most likely a considerable reorientation of head group bilayer, we found the value of 0.519 Ansee Table 2. This
dipoles. The overall potential difference across a leaflet increasesvalue is in very good agreement with reported MD studies of
to 0.63 V, see Figure 5 (top). This effect was also observed in unsaturated PE membranes under similar conditté#s>5The
previous MD simulation studi€si215Remarkably, it was found  experimental data for phospholipid bilayers can scatter consider-

weaker binding of K ions to phospholipid membranes is also
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ably (as much as 1015% as shown for dipalmitoylphosphati- o—mmr—T—"T"T"TTTTT T
dylcholine, DPPC5¢ A value of 0.56 nriwas reported for the Na - Owater .

area per lipid for a POPE bilayéfwhich is somewhat larger 5 f
than the area found in our study. Overall, it has been proposed

that most up-to-date force-fields available for PE lipids under- 7
estimate the area per lipfd put the difference seems to be less 4 ' ﬂ
than four percent and hence reasonable. Furthermore, in recen i
studies where the present POPE force-field was employed for ¢ 3

modeling asymmetric PC/PE membranes, one found goodZ
agreement with experimental resultsStrong hydrogen bonding - .
between PE head groups also leads to a considerable differenct o} .
in the orientation of head group dipoles as compared to PC | Na - Ocarb
bilayers: The average angle between theNPvector and the
outward bilayer normal for a POPE membrane-B3 degrees, 1
i.e., PE head group dipoles on average point slightly to the -

membrane interior. The lateral diffusion coefficiént of a salt- 0 | IR N (NI NN (TN NS S MR N
free POPE membrane was found tobe= (1.16 & 0.30) x 0 20 40 60 80 100 120 140 160 180 200
1078 cn¥/s, see Table 3. This value is close to the range of Time [ns]

lateral diffusion rates (24) x 10-8 cmé/s reported in a recent
computational study for a stearoyloleoylphosphatidyl-
ethanolamine (SOPE) bilayer. However, it is considerably lower
thanD, = (8 & 1) x 1078 cnm?/s measured for POPE lipids at
T =306 K by NMR technique® In part, this can be associated
with the fact that the force-field employed for a POPE lipid
bilayer underestimates the area per lipid. Furthermore, we would 51 K - Owater i
like to stress that any computational estimates for the POPE 5 -
diffusion coefficient should be taken with caution: a POPE .~ 4} -
membrane is a much more densely packed structure compare(Z

to its POPC counterpart, which implies that finding a statistically 3 -
reasonable evaluation f@, should be based on trajectories - .
much longer than 100 ns presented here. 2F -

POPE Under the Influence of NaGNhen NaCl salt is added, i K - Ocarb T
one can observe binding of sodium ions to a POPE membrane,
the binding being much weaker compared to POPC membranes
see Table 2. This can also be seen in Figure 6 (top), where we 00 20 40 60 80 100 120 140 160 180 200
have presented the time evolution of coordination numblers Time [ns]
of sodium ions with lipid carbonyl and water oxygens (since _ _ Tk _
the behavior ofNc was found to be essentially similar in ~ Figure 6. Time evolution of coordination numbel of sodium (top)
simulations with Gromacs and Charmm parameters faribias and potassium (bottom) ions with lipid carbonyl and water oxygens

) ! for POPE membranes. Shown are results for Charmm force-field
we chose to present results for the Charmm force-field only). :
S . parameters employed for ions.
The binding of a N& ion has almost no effect on the area per

lipid, which can be explained by the fact that a POPE bilayer neak close to the interface when the Charmm force-field is
without salt already represents a rather densely packed structureempmyed for ions. In particular, this leads to a somewhat
due to substantial hydrogen bonding. As seen from Table 3, gyonger reorientation of-PN dipoles toward the agueous phase
the lateral diffusion coefficients demonstrate some decreasej, charmm simulations, see Table 2.

under the presence of NaCl; however, large error margins (20 As PE head groups are capable for hydrogen bonding, we
25%) make it difficult to draw a definitive conclusion. The  performed a thorough analysis of intra- and intermolecular
overall fraction of bound sodium ions in the POPE bilayer hydrogen bonds (H-bonds) for all simulated POPE bilayers, see
system is found to be much smaller than in the case of a POPCygp|e 4. Following ref 55, a hydrogen bond was considered to
POPE bi|ayerS Versus 087 f0r POPC bi|ayerS; in Simu|ati0nS was Sma”er than 025 nm and the angle “donor-H_acceptor”
with Charmm parameters a somewhat larger value of 0.34 is exceeded 60 degrees. For a salt-free POPE bilayer the average
observed for POPE bilayers, which is perhaps due to the Sma”ernumber of intramolecular H-bonds was found tO"b:ESS, the

size of N& ions in the Charmm force field. However, the majority of them being provided by H-bonds with the 10phos
binding of adsorbed Naions to lipid carbonyl oxygens is  atom (the average length of the corresponding hydrogen bond
stronger when the Gromacs force field is employed for ions; in on the 10phos atom is found to be 0.2 nm, whereas the gonor
this case a Naion binds on average te3 PE lipids, while for  acceptor distance equals 0.49 nm as extracted from the radial
Charmm we observéN"29™}]1~ 238, see Table 2. The distribution function) and, to a considerably lesser extent, with
stronger binding of Naions with Gromacs parameters can also the 20carb atom, see Table 4 and Figure 1 for the labeling of
be seen by inspecting the component-wise density profiles lipid oxygen atoms. The overall number of intramolecular
presented in Figure 7 (left column): The peak of the density hydrogen bonds is in good agreement with the value of 1.32
for sodium ions with Gromacs parameters coincides with the reported in a recent simulation sti@yor a dipalmitoylphos-
peak corresponding to POPE carbonyl oxygens, while it is phatidylethanolamine, DPPE, which employed a similar force-
shifted to the water phase and even develops a small secondield.
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TABLE 4: Hydrogen Bonding for POPE Membranes with Monovalent Salt

POPE POPHB- NaCP POPE+ KCI2
atom intra inter intra inter intra inter

10phos 1.111 0.005 1.106 (1.103) 0.006 (0.003) 1.111 (1.109) 0.003 (0.004)
20phos 0.0003 0.306 0.0002 (0.0002) 0.299 (0.306) 0.0002 (0.0003) 0.275 (0.304)
30phos 0.0004 0.328 0.0005 (0.0003) 0.328 (0.342) 0.0005 (0.0004) 0.360 (0.373)
40phos 0.004 0.021 0.004 (0.005) 0.020 (0.019) 0.005 (0.005) 0.020 (0.017)
20carb 0.179 0.343 0.158 (0.129) 0.289 (0.351) 0.154 (0.172) 0.354 (0.349)
10carb 0.022 0.135 0.012 (0.015) 0.142 (0.135) 0.021 (0.016) 0.156 (0.147)
Total 1.33+0.01 1.15+0.01 1.29 (1.26) 1.10 (1.18) 1.30 (1.30) 1.19 (1.22)
Owater 0.994+ 0.02 1.08 (1.01) 0.99 (0.93)

@ Presented are values for the simulations in which the Gromacs force-field was employed for ions (corresponding values for simulations with
Charmm parameters are shown in brackets).

We note that this value has to be taken with caution as it is previous computational studi€sthe main sites for H-bonds
rather sensitive to the definition of the hydrogen bond. In a being 20phos, 30phos, 20carb, and 1Ocarb atoms.

recent simulation study of mixed phosphatidylethanolamine/
phosphatidylglycerol bilayers Murzyn et@lreported the value

The presence of NaCl has some effect on hydrogen bonding.
Binding of Na" ions to lipid carbonyl oxygens is able to break

of 0.22 for the overall number of intra-PE bonds. In their study H-bonds associated with them. In particular, such a breakage
the hydrogen bond was considered to be formed when the donorleads to drop in the overall number of intramolecular H-bonds

and acceptor are closer than 0.325 nm and the accegtoror-
hydrogen angle is smaller than 35 degr&edl/e recall that in

as observed from Table 4. As far as intermolecular H-bonding
is concerned, the effect of NaCl is found to depend on the choice

our case the average dora@cceptor distance is 0.49 nm, so of the force-field for ions. The strong interlipid binding of Na
that the use of the criterion by Murzyn et al. should lead to ions observed with Gromacs parameters results in a notable
considerably smaller values of intramolecular bonds compared breaking of intermolecular H-bonds, so that we observe a drop
to 1.33 reported above. Indeed, using the definition of the in the total number of H-bonds of this type. Furthermore, the
hydrogen bond from ref 61, we ended up with just 0.12 reorientation of head group dipoles toward the aqueous phase
intramolecular bonds for PE lipids. Furthermore, we found that makes NH groups more exposed to water molecules, increasing
PE forms on average 1.15 intermolecular H-bonds in line with their hydration. In contrast, the weaker binding of sodium ions
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seen in simulations with Charmm ion parameters does not breakthe differences arising from the specific iolipid interactions,
interlipid H-bonds which involve Ocarb atoms, and since the have largely remained unclear. In this study, we have used
binding brings lipids closer, one observes a slight increase in extensive atomic-scale molecular dynamics simulations to shed
the overall number of intermolecular H-bonds through enhance- light on these issues. To the best of our knowledge, the present
ment of H-bonds associated with phosphate groups, see Tablewvork is the first simulation study which explores the effects of
4. The level of hydration stays almost unchanged, because amfmonovalent salt on PE bilayers.

increased exposure of Ntgroups to water due to head group  we have demonstrated that the effects of monovalent salt on
reorientation is compensated by an increase in the number ofg phospholipid membrane are mainly determined by the binding
intermolecular H-bonds. of cations to the lipie-water interface: Cations penetrate rather
POPE Under the Influence of KCAs far as KCl salt is  deep into the interface, bind to the carbonyl region of lipid
concerned, its influence on POPE membranes can be charactermolecules, and form rather stable complexes with lipids, whereas
ized as very weak or even negligible. We find that potassium chloride anions mostly stay in the water phase nearby the
ions do not bind to the lipigtwater interface; this feature is  membrane surface. Importantly, all the simulations were per-
observed consistently for both sets of force-field parameters for formed with two different sets of parameters for salt ions
ions. In simulations with Gromacs parameters the average (implemented in Gromacs and Charmm force-fields), providing

number of adsorbed ions is essentially zero, while in Charmm 3 solid basis for our conclusions.

runs one hadj ;"= 0.06, i.e., approximately 1 bound The strength and character of the catidipid interactions

potassium ion out of 20, see Table 2. Figure 6 (bottom) further paye been found to be quite different for the different types of
illustrates the very weak binding of potassium ions for the latter jipids and cations. The strongest interactions have been observed
system. Therefore, almost alltdons are located in the aqueous  for PC membranes with sodium cations. The tight binding of
phase and not in the membrane-water interface; only a tiny peakna* jons to PC lipid bilayers leads to a notable decrease in the
is observed in the potassium density profile inside the interface gpeg per lipid accompanied by a more vertical orientation of
between carbonyl oxygens and phosphate groups, see Figure b head groups with respect to the membrane surface, by a
(right) illustrating this for simulations with Charmm parameters. - considerable slowing down of the lateral lipid mobility, and by
The presence of a large amount of potassium ions in the watergp, increase in the potential difference across a monolayer. These
phase may be the reason why PE head groups are oriented morgngings are found to be robust to a choice of force-field
toward the interior of the membrane as compared to asa"'ffeeparameters employed for ions. As for potassium ions, their
system (Table 2): Kions likely push NH further out of the  pinding to PC membranes and, therefore, the overall salt induced
water phase. The above change in the average head group tilkbffects are found to be much weaker compared to.Nais is
seems to be responsible for the slight increase in the total numbermosuy due to the larger size of a'Hon, which implies a smaller
of intermolecular H-bonds in the presence of KCl salt, see Table jonjc surface charge and a less ordered first hydration shell.
4, and for a drop in the hydration of NHyroups seen with  The weaker role of potassium ions compared to* Neas
Charmm parameters. As far as the lateral diffusion is concerned,gpserved consistently with all force field parametrizations we
we found a surprising drop in the diffusion coefficients, see considered. Nevertheless, there is reason to mention that while
Table 3, despite of the lack of ion binding to the lipidiater K* ions bind (weakly) to the carbonyl region of a PC membrane
interface. Because of the large statistical errors, it is, however, yhen the Charmm force-field is employed for ions, such a
unclear whether there are physical grounds behind this effectpinging is not observed when one employed the Gromacs force-
or is it simply due to insufficient sampling. field, which seems to exaggerate the size of a potassium ion.
We conclude this section by considering the electrostatic Considering PE membranes, the effects of NaCl and KCl salts
properties of the membranes. As emphasized above, monovaleng, i pijayers were found to be much weaker than in the case
cations such as Naions bind to POPE membranes t0 & ¢ pc membranes. This is a direct consequence of the different
significantly lesser extent than in POPC bilayers, whereas K nature of PC and PE head groups. More specifically, PE has a

lons do not adﬁorb on thed_melmbrane surf?%eEaLt alclj. As a rimary amine in its head group, making it capable for the
consequence, the average dipole moment o €ad groubysmation of both intra- and intermolecular hydrogen bonds.

does not change significantly through reorientation of the head This gives rise to a considerably more densely packed-fipid
group dipoles. Therefore, one should not expect a pronounced,, ..o interface compared to the case of a PC membrane, and
impact of monovalent salt on the electrostatic properties of inevitably hinders the binding of ions, reducing salt eﬁe,cts
POPE membranes. Indeed, as is seen from the electrostati(bvera"_ Meanwhile. KCI in particular’ is found to have a
potential across a PE monolayer presented in Figure 5 (bottom), ;o oiqiple effect on PE lipid membranes as potassium ions do
the membrane potential is hardly affected by the presence of ,,'hing 1o the PE lipierwater interface. These conclusions are

monovalent salt at all. supported by both force fields we have considered for ions. As
expected, however, the quantitative features depend to some
extent on the details of the force-field parametrization. Above
Plasma membranes of eukaryotic cells are characterized byall, the binding of N& ions is somewhat stronger when the
a distinctly different lipid distribution in the extracellular (outer) ~Gromacs parameters are employed, leading to a substitution of
and cytosolic (inner) sides of the membrane. The outer leaflet SOme intermolecular hydrogen bonds by ionic bridges.
is mainly comprised of PCs, whereas the main component of  Our findings are in line with the available experimeftal
the inner leaflet is PE. Under physiological conditions, these and computational studig®1523and provide further insight
leaflets interact with an aqueous salt solution whose compositioninto the effects of monovalent salt on cell membranes. Impor-
is also specific to the monolayer in question: PCs are influenced tantly, since potassium ions are the main monovalent cations
by monovalent NaCl, whereas PEs, in turn, are under the in the intracellular fluid, their negligible influence on PE bilayers
influence of KCI. The biological relevance of these salts and suggests that salt has no strong impact on PE-rich lipid domains
their significance on cell membrane behavior have been realizedin the inner leaflet of cell membranes. Meanwhile, sodium ions,
in many contexts, but the details of their interplay, and especially being the major ionic species in the extracellular fluid, bind

IV. Summary and Conclusions
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tightly to the carbonyl region of PC bilayers and change lipid
packing to a significant extent. Therefore, one may expect tha
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