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The effect of cholesterol on the properties of lipid membranes has been investigated by computer simulations.
For this purpose, the crossmembrane free energy profiles of eight penetrants;@0.eQHCO, CQ, NO,

NHs, CHCl;, and formamide, have been calculated by the cavity insertion Widom (CIW) method in four
simulated dimyristoylphosphatidylcholine (DMPC)/cholesterol mixed membranes of different compositions,
i.e., containing 0%, 4%, 8%, and 40% cholesterol. The compositions of the simulated two component
membranes have been selected from both sides of the DMPC/cholesterol miscibility gap, and the pure DMPC
membrane has been regarded as a reference system. It is found that cholesterol increases the amount of
spherical cavities in the membrane region in which their OH group is located and, hence, lowers the solvation
free energy of the penetrants in this region. For strongly polar solutes, this is the region of the minimum of
the free energy profiles, and hence, by lowering this minimum, cholesterol increases the free energy barrier
of the crossmembrane transport of such penetrants. On the other hand, for larger and apolar or moderately
polar solutes, such as G@nd CHC}, the free energy profiles exhibit a peak in this region. In the case of
CHCls, cholesterol is found to lower and, above a certain concentration, eliminate this peak and thus
considerably decrease the free energy barrier of the crossmembrane transport of this molecule. On the other
hand, in the case of GOthis peak is transformed to a dip by cholesterol, and hence, the free energy barrier
of the crossmembrane penetration of 6 first lowered by increasing the fraction of cholesterol in the
membrane up to a certain concentration, above which a further increase of the amount of cholesterol results
in an increasing free energy barrier. Finally, in the case of the diatomic penetrants, neither the maximum nor
the minimum of the free energy profiles is located in the region where cholesterol lowers the solvation free
energy, and thus, the free energy barrier of the crossmembrane transport of these molecules is not affected
by cholesterol.

Introduction important element of the blood pressure regulation mechanism.
This function again requires the ability of NO to go through
the cell membrane promptfy.The anesthetic behavior of
molecules such as CHELhnd NO is related to their cross-
membrane transport properties, as well.

The cell membrane itself is a rather complex assembly of
various molecules, such as lipids, segments of proteins of various
small, uncharged molecules of vital biological importance (e.g., types and.functhns (e.g., channel-forming and signal transduc-
H,0, Oy, CO,, NO, NHs, formamide, urea, etc.) can permeate tion proteins), dissolved smaller molecules, etc. Among the
the membrane in appreciable rate by simple diffusion, without many constituents, phosphollpld mole_cule; such as d”.“y”s'
the aid of any special transport mechanism facilitated by toylphosphatldylchollne (DMPC) and dlpalmlt_oylphosphatldyl-
transport proteind.4 The transport properties of these molecules fChOI'nE (DPZ(.:)’ cafn Ee regarged as éhe .r(;laln r(]:omﬁoner?tsl. th(?t
across the membrane of living cells are extremely important in orm the medium of the membrane. Besides the phospholipi

several physiological processes. For instance, the entire respiram‘)lecu'es’ cholesterol is one of the most _frequent, ubiquitous
tory mechanism is based on the ability of the &nd CQ membrane components. Its concentration in the membrane can
molecules to cross promptly the membrane of several types ofbe as high as 50% in somg (?aées. o .
human cells. The same ability of the CO molecule is required ~ Cholesterol and phospholipids are not perfectly miscible with
to make it a dangerous poison. The crossmembrane transporach othep™** For instance, at 37C DMPC and cholesterol
of various small molecules (e_g_, water, ammonia, urea) is one are not miscible in the cholesterol mole fraction range of about
of the basic processes of excretion. The NO molecule is an 0.1-0.3° This composition range roughly covers the cholesterol
content of the membranes of living cells; hence, in the cell
t E-mail: pali@para.chem.elte.hu. membranes domains of high and low cholesterol content should
*E-mail: mezei@inka.mssm.edu. be separated.
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The transport of small particles (ions, molecules) across
biological membranes is a key process of the metabolism of
the cells. Various regulatory mechanisms are responsible for
the transport of the majority of such particles. For instance, ions
can only cross the cell membrane with the aid of special
membrane-bound protein molecule®n the other hand, some
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The presence of cholesterol influences, among many othershow in the membrane strong dependence of the results on the
properties, the transport of small molecules across phospholipidlateral position chosen for the calculation and, hence, be
membranes. It is known experimentally that passive permeability unreliable!®

of phospholipid bilayer membranes is reduced upon adding pue to these difficulties, only a few transmembrane free
cholesterol to the systefd:*> This observation is rather  energy profile simulation studies have been reported so far.
surprising, as it contradicts simple chemical intuition. The Stouch et al. have determined the FEPR of apolar solutes from
cholesterol molecule is considerably shorter than the most direct simulationg®2° However, their calculations have been
frequent membrane-constituent phospholipid molecules, suchjimited to the hydrocarbon phase of the membrane. In their
as DMPC and DPPC. Hence, when a lipid molecule is replaced aforementioned study, Marrink and Berendsen have calculated
by cholesterol in the membrane, one can expect that the densitythe FEPR of HO, NHs, and Q across a fully hydrated DPPC
decreases and relatively large voids appear at specific positionspjlayer1617 In the case of water, they have used different
along the membrane normal (e.g., in the region of the head- methods for determining the excess free energy in the aqueous,
groups), whereas at other positions (e.g., along the hydrocarbonnterfacial, and hydrocarbon regions of the membr&mehereas
chains where the cholesterol molecules are located) no suchthe FEPR of NH and Q have been determin&dusing the
changes appear. Such changes would imply easier diffusion ofyyidom test particle insertion methd#.Recently, we have
the penetrants at least thrOUgh those regions in which the denSityproposed a Cavity insertion variant of the 0rigina| widom
is decreased, and thus an increased permeability of thea|gorithm22 named as cavity insertion Widom (CIW) method,
membrane: exactly the opposite of what is found experimen- and have shown that this method can be used for a relatively
tally. fast determination of the FEPR of several solutes across a lipid
In order to understand the molecular level origin of the membrané? In a CIW calculation, similar to the particle
experimentally observed behavior and to clarify the seeming creation step of the cavity biased grand canonical Monte Carlo
contradiction between the intuition and the experimental facts, simulations?3?4 the test particle is only inserted into cavities
computer simulation methods can provide an efficient tool. of suitably large radius, and hence, the computationally de-
However, in performing such a simulation one has to face manding calculation of the large number of test positions
several difficulties. The direct simulation of the permeation of contributing negligibly to the calculated ensemble averages can
a molecule through a membrane formed by a bilayer of be avoided. The CIW method retains the advantage of the
phospholipid molecules is virtually impossible, since the original Widom method in that positions throughout the entire
computational cost of such a calculation is several orders of system simulated are tested, and thus, the results are averaged
magnitude beyond the computational capacity of the presentover all lateral positions located at the same depth along the
day simulations. Diffusion of small penetrants across a fully membrane normal. This can largely reduce the uncertainty of
hydrated lipid bilayer has, to our knowledge, only been studied the results caused by the slow exploration of the configurational
in the pioneering works of Marrink and Berendsé#’ In these space in the simulation. Another advantage of the method is
works, a different method has been used for studying the that the slowest steps of the calculation, i.e., the generation of
crossmembrane transport of,®i¢ O,, and NH.17 They the equilibrium sample configurations by computer simulation
determined the diffusion constant profile of these molecules by and the selection of the array of cavities for the test particle
inserting test molecules in several positions along the membraneinsertion, are independent from the type of test molecule used.
normal and probed their local diffusion constants at the test Therefore, once the FEPR of a given solute molecule is
positions. However, this calculation can only provide ap- determined, the procedure can easily be repeated for a set of
proximate results since the entire crossmembrane profile is different solutes for a relatively little extra computational cost.
estimated by the few values obtained at the test positions, andOn the other hand, we have also shown that the CIW method
it is still computationally rather demanding. has to be regarded as an approximate method, as the inaccuracy

An alternative way of investigating crossmembrane transport Of the obtained results is in the range of about-&Xcal/mol
processes is the calculation of the crossmembrane free energ§or small, uncharged solutes, and it strongly depends on the
profile (FEPR) of the penetrant molecules. Since the free energytype of solute molecul& Therefore, the precision of the method
gradien'[ of the penetrant a|ong the membrane normal representgas to be estimated for each solute molecule independently. Such
the thermodynamic driving force of its crossmembrane transport, €stimation can be done by determining the solvation free energy
the determination of its free energy profile can provide important of the solute molecules in water by different free energy
information on the physical background of the permeation calculation methods, including CIW. The obtained crossmem-
process through the membrane. However, mappmg the freebrane FEPRs have to be interpreted then Considering also the
energy in such strongly inhomogeneous systems as a lipidobtained precision of the calculation.
membrane, consisting of aqueous, ionic, and apolar regions, is In this paper, we report Monte Carlo simulations of DMPC/
still a rather difficult task. In fact, the calculation of the solvation cholesterol mixed bilayers of four different compositions, and
free energy even in a homogeneous environment is computa-results of CIW calculations of the FEPR of eight penetrants,
tionally far more demanding than simply sampling configura- i.e., O, O,, CO, CQ, NO, NH;, CHCL, and formamide,
tions from an equilibrium ensemble, as done in usual computer across these bilayers. One of the simulated bilayers is pure
simulations. In the case of lipid membranes, the situation is DMPC, acting as a reference system. Two of the simulated
further complicated by the fact that even the exploration of the compositions have been chosen from the cholesterol-poor side
configurational space of the system is rather slow. It may result and one from the cholesterol-rich side of the immiscibility region
that the simulated sample configurations show variations of the of DMPC and cholesterol. This selection of the systems allows
local environment at different positions located at the same depthus to analyze the effect of the presence and concentration of
in the membrane. Therefore, several free energy calculationcholesterol on the permeability properties of phospholipid
methods, based on sampling a small domain of the simulatedmembranes for penetrants of various types at a molecular level
system, that are well tested in a homogeneous environment, cardetail.
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TABLE 1: Composition and Cell Size Parameters of the TABLE 2: References and Geometry Parameters of the
Four Systems Simulated Potential Models Used for the Studied Solute Molecules
cholesterol bond length bond angle
concentration prism hexagon molecule  ref  bond A angle (deg)
system (mol %) height (A) edge (A) H.0 27 O-H 0975  HO-H 1045
| 0 79.01 23.61 O, 26> O0-0 1.208
Il 4 79.86 23.42 CcoO 26 C-O 1.128
1 8 80.28 23.44 CO; 31 CO 1.230 C-C-0 180.0
\ 40 80.83 22.63 NO 32 N-O 1.150
NH3 33 N-H 1.012 H-N—H 106.7
Methods CHCl; 34 CH-CI 1758  CHCH-CI  111.3
formamidé 35 CH-O 1.229 O-CH—N 122.9
Monte Carlo Simulation of the DMPC/Cholesterol Mixed CH—N 1.335 H-N—H 120.4
Bilayers. Fully hydrated mixed bilayers of DMPC and choles- N—H 0.960

terol of four different compositions have been simulated onthe  a1|p3p model? CHARMM model.c OPLS modeld Molecule of
canonical , V, T) ensemble at 310 K. The simulations have planar geometry.

been performed by the program MMEDMPC and cholesterol

molecules have been described by the all-atom CHARMM22 TABLE 3: Interaction Parameters of the Potential Models
force field26 whereas for water, the TIP3P potential madel ~Sed for the Studied Solute Molecules

has been used. Thus, the electrostatic and nonelectrostatic part molecule atom olA (elkg)/K gle

of the interatomic interactions have been described by a H,0 H +0.417
Coulombic and a Lennard-Jones term, respectively. Water 0] 3.151 76.5 —0.834
water and watetlipid interactions have been truncated to zero Oz 0 3.029 60.4 0.000
beyond the centercenter distances of 12 and 16 A, respectively. co 8 gggg gg'j ”_Lg 821
A similar combination has been found to behave close to the co, c 3.262 61.9 10.663
infinite cutoff system for a hydrated lipid monolay&The two 0 3.014 97.7 —0.3315
layers of the membranes have been built up by-25 NO N 3.250 85.6 +0.028
molecules, and the bilayers have been hydrated by 2033 water o 3.120 80.1 —0.028
molecules. The number of cholesterol molecules in each side NHs N 3.385 170.0 —1.035
of the bilayer has been setto 0, 1, 2, and 10 in the four systems CHC: EH 3.800 203 igigg
simulated. Thus, one of the systems (referred here as system ) al 3.470 201.4 —0.140
has consisted of a bilayer of pure DMPC and is regarded as a formamide 0 2.960 105.7 —0.500
reference system. Two systems (systems Il and Ill) have been CH 3.800 57.9 +0.500
chosen from the cholesterol-poor side and one (i.e., system 1V) H 3.250 85.6 ;8-222

from the cholesterol-rich side of the DMPC/cholesterol miscibil-

ity gap. A hexagonal prism shaped basic simulation box has factor, andT is the temperaturd: The cavity insertion Widom
been used in order to maximize the distance of two periodic yariant2 modifies the original algorithm by searching for cavities
images of a given particle in lateral directions. The edge of 4f the minimum radius ofReay in the system and making
the basic hexagon and the height of the prism have been set bysertions of the test molecule solely into such cavities. It should
a preceding simulation, performed on the isothernaisdbaric be noted that throughout this paper the term “cavity” means a

(N, p, T) ensemble. Starting configurations have also been taken spherical void in the system that does not contain the center of
from these simulations, the details of which have been descrlbedany atoms. The excess free enefgyof the inserted molecule

in detail in our previous papéP.The composition and cell size  -4n pe obtained by the formula

parameters of the systems simulated are summarized in Table

1. The four simulations have been performed in the same way A’ = —kgT[In[@xp(—U (ks T)(H In(P_, [~ 1] — pVIN (1)

as described in our previous papgémpart from the obvious

lack of volume changing steps here. Thus, water and lipid moveswhere [--[1 denotes ensemble averaging, aPRgy is the

have been performed in an alternating order. In a water move, probability of finding a cavity with a radius of at leaB.

a water molecule has been randomly translated and rotated byThe value 0P, can be obtained from the calculation in a rather

no more than 0.3 A and 20respectively. In 20% of the lipid  straightforward way, as the ratio of the number of cavities found

moves, a DMPC or cholesterol molecule has been randomly and number of points checked in the cavity searching procedure.

translated and rotated around a randomly chosen space-fixed Free Energy Profile Calculationg.he free energy profile of

axis. In the rest of the lipid moves, a torsional angle has been eight solutes, i.e., D, O, CO, CQ, NO, NHz, CHCl, and

randomly changed. Overall lipid rotations as well as torsional formamide, has been calculated across the four simulated

changes have been performed using the novel extension biase@MPC/cholesterol membrane systems by the CIW method. The

method®® The systems have been equilibrated ir 20" Monte solute molecules have been represented by rigid potential models

Carlo steps long runs. In the production phase, 2000 sampleinteracting through Lennard-Jones and Coulombic interactions.

configurations, separated by*Blonte Carlo steps each, have The CH groups of the chloroform and formamide molecules

been saved for the CIW calculations in each system. have been represented as united atoms. The original references
CIW Calculations. The CIW Method.In Widom-type where the used potential models have been described as well

calculationg?! the excess free energy of a solute molecule is as their geometrical parameters are summarized in Table 2,

obtained by inserting it at random positions into the equilibrated whereas the ande Lennard-Jones armgiCoulombic interaction

(N, V, T) ensemble sample configurations of the system, and parameters are collected in Table 3 for all interaction sites of

averaging the exp{UwsfksT) factor over all test positions, the models.

whereUstis the energy of the interaction between the inserted  The free energy profiles have been calculated using the

test molecule and the rest of the systd@js the Boltzmann program MMC?5 In the calculations, the systems have been
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divided into 25 slabs along the bilayer normal axis denoted as TABLE 4. Excess Hydration Free Energy of the Eight
z (beingz = 0 in the middle of the membrane), and the free Solutes Studied at 310 K

energy values have been determined in each slab independently. original CIW, using CIW, using
Thus, following eq 1, the excess Helmholtz free energy profiles  solute T Widom Ray=26A Ra=28A
along thez-axis have been calculated as H,0P 574+ 0.66 -5.56 —5.39 —4.67
(o7 2.81+0.74 3.39 3.27 3.27
A(2) = —k,TNnExpU., (AT NP (A0 1] (2 co 3.29+0.83  4.13 3.94 4.00
@ keTl PCUees(@leT) cal?) 1@ CoP —-0.03+0.77  1.38 1.03 1.09
o - NOP 2.29+0.70  3.03 2.88 2.89
The —pVIN term of eq 1 has been omitted in the calculation NH; —-3.22+0.68 —1.76 —-2.00 —1.50
since at atmospheric pressure it gives only a negligibly small CHCE® 131+1.21 3.77 3.64 291
andzindependent contribution to the free energy. Cavities have formamide —8.11+0.94 —5.43  —7.49 —6.25

been searched along grids in the simulation cell in such a way 2Values are in kcal/mok Ref 22.¢ Grand canonical Monte Carlo
that each slab of the system along #exis has contained 7500  simulation resulted in the value 6f5.75 kcal/mol, see ref 22.

grid points. In each sample configuration, four of such grids

have been set up, each differing from the other by a small shift, the original Widom method, the test molecules have been
and thus, 30 000 points per slab have been checked in eactinserted into positions defined by a 515 x 15 grid. In this
configuration. The free energy profiles of all the eight solutes Way, the computational cost of the CIW calculations with the
have been calculated with two differeRt, values, i.e., 2.6  Reavvalues of 2.6 and 2.8 A have been about 10% and 75%
and 2.8 A. Test molecules have been inserted into each cavityl€ss, respectively, than that of the original Widom-type calcula-
found in 10 different, randomly selected orientations. Since it tions. In each case, the test molecule has been inserted in 10
is sensible to assume that for the largest solutes only the larges#lifferent, randomly chosen orientations. The excess solvation
cavities present in the system can give a considerable contribu-free energy has been calculated using eq 1, beiag= 1.0 in

tion to the energy average in eq 2, and because the omitting ofthe case of the original Widom method.

the smaller cavities from the calculation speeds up the calcula- In the Tl calculations, we have parametrized the wasetute

tion allowing a better mapping of the system within the same contribution to the total energy of the systésp-s as
computation time, we have repeated the FEPR calculation of

CO,, CHCL, and formamide in all the four systems with the U,_A) =A%, + 23U + 12U, (3)
ReavValue of 2.9 A, using 10 different random grids (i.e., 75 000

grid points per slab) in each configuration. Finally, for further where 4 is the coupling parameter and; is the energy
reducing the noise of the results the obtained FEPRs have beercontribution ofU,,—s depending on the sitesite separation as

averaged over the two sides of the bilayers. r=' (i.e., Uip, Ug, and Uy are the Lennard-Jones repulsion,
Lennard-Jones attraction, and Coulomb interaction terms of
Results and Discussion Uw-s, respectively). This path was shown to yield an integrand

that is smooth and close to linear, allowing a precise estimate

Estimation of the Precision of the Calculations.In order of the intearal over the entiré ranae of 0< 1 < 1 usina onl
to estimate the precision of the results obtained in the free energy 9 Y - g only

o . H
profile calculations, we have calculated the excess solvation & feyv quadrat.ure.poml?si. The exponent.4 applleq to the
Helmholtz free energy of each of the eight solute molecules in scaling ofUy, is dictated by the fact that in three dimensions

pure water by the CIW and the original Widom method as well T%r%l;repms'%n te:rfm wouIdBmtz;\]ke ﬂ;e mtegra}nbd_m(r)]gutlaf at

as by using the thermodynamic integration (T1) methodotégy _f tﬁ' S |she_v| (:]n _crjoml €q s, there (;.-rehnce (II "_ T)hsae
over a polynomial patf’ and have compared the values of this path is the ideal gas state of the solute. The excess
obtained with these different methods. This TI methodology is hydration free energy can then be obtained as

fast and reliable for homogeneous systems, which makes it a U, (2)

suitable reference method for the present purpose. It should bep — leLDd/l = f1(4/13WJ 0+ 3020 +

noted, however, that the use of the TI methodology becomes 0 Y 0 12 6

much less advantageous when studying inhomogeneous systems, 2AU,0) dA (4)

in particular, systems showing large local inhomogeneities (e.g.,

due to the slow conformational changes of the molecules), suchHere the symbol@:-[J denotes ensemble averaging using
as the hydrated DMPC/cholesterol mixed bilayers investigated U,,—s(1) instead of the contribution of the watesolute interac-
here. In a previous study, we have demonstrated for GH@t tion to the total energy in the Boltzmann factor. The integral
the determination of its solvation free energy profile across a has been evaluated numerically, using a 5-point Gaussian
hydrated pure DMPC bilayer requires at least an order of quadrature. The integrand has been calculated by performing a
magnitude longer computation when using the Tl instead of a Monte Carlo simulation in each quadrature point. These

Widom-type methodolog$? simulations have been performed in the same way as the one
The CIW and TI calculations of the excess solvation free for the CIW and Widom calculations.
energy of HO, O,, CO, CQ, NO, and CH{ in water have The excess free energy values obtained by the different

been published in our previous pagéiThe calculations for methods are summarized in Table 4. As is seen, the precision
NHz and formamide have been done in a similar way. Thus, of the CIW method is about the same for Nahd formamide

the original Widom and the CIW calculations have been as for the other six solutes tested previously. Apart from the
performed using 40 000 equilibrium sample configurations of largest molecule, i.e., CHglthe CIW calculations are within
107 TIP3P water molecules at 310 K. Details of the water about 0.3-1.2 kcal/mol (i.e., about 0:52 kgT) of the reference
simulation are given elsewhefé.In the CIW calculations, values obtained by Tl when th&.., value of 2.6 A is used.
cavities of radius at lea&.ay have been searched along ax60 Moreover, the deviation of these CIW results from the reference
60 x 60 grid in each configuration. Two differeR.,, values Tl data is usually smaller than the estimated error of the TI
have been used, i.e., 2.6 and 2.8 A. In the calculations usingresults themselves. TH&,, value of 2.8 A leads to somewhat
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less accurate results for most of the studied molecules but
becomes the better choice for CHCivhen only positions
located in the largest cavities are corresponding to low enough
energy values and contribute noticeably to the average in eq 2.
Nevertheless, the CIW result obtained wi,, = 2.8 A for
CHCl; still differs by 1.60 kcal/mol from the Tl value, indicating
that considerably smaller precision can be obtained for GHCI
than for the other seven solutes by the CIW method. It is also
evident that the CIW calculations with both choicesRaf, have

led consistently to a somewhat better reproduction of the
reference Tl values than calculations performed with the original
Widom method, even if calculations of the latter type have
required considerably more computing time. As a general trend,
the CIW method is found to work more precisely for smaller 0.00 -
and less polar molecules.

It is clear from Table 4 that the excess free energy results
obtained with the Widom method are generally higher than the
reference Tl values, and the use of larger limiting radii leads to -0.02 -
higher solvation free energies. The reason for this is that, due
to the averaging of the expUiesfksT) terms in the calculation
(see egs 1 and 2), the loss of low enough energy test insertions,
which is unavoidable in a Widom-type sampling procedure, -0.04 . ; .
leads systematically t&' values that are too high. Moreover, 40 -3 20 <100 10 20 " 3040
the deviations of the results of the Widom-type calculations from _ . i o o an )
the reference Tl data are generally larger for larger solutes. This/9uré 1. Probability profiles of finding spherical cavities of different

L . : minimum radii Reay across the simulated fully hydrated DMPC/
can be !J”defStOOd by _r_eal'z'ng th_at with the increase of _the cholesterol mixed membranes: solid lines){ system I; dashed lines
solute size the probability of forming a large enough cavity (- —) system II; full circles @), system IlI; open circles), system
becomes progressively smaller, and once the solute size exceedw. The results withReay = 2.8 A andReay = 2.9 A are shifted by
significantly the size of the solvent, this probability is likely to  —0.02 and—0.04, respectively. The inset shows the ratio of the profiles
be small enough that no such cavity is found during the With Reay= 2.6 A andRea, = 2.8 A (), and withReay = 2.6 A and
simulation. This means that the most negative contributions are ~eav = 2-2 A(-+)in system IV.
systematically excluded from the estimate of the free energy.

This observation could also form the basis of an appropriate smaller limiting cavity radius values. Thus, for tRes, values
correction, but it has not been attempted in the present work. of 2.6 and 2.8 A, th@.a(2) profile of s.ystemlll s onI;/I slightly
The obtained differences between the CIW and Tl results in Iargér in this re,gioncihan that of system | of pure DMPC,
pure water can be considered as an estimate for the limit of \yhereas systems 111 and IV of higher cholesterol content have
accuracy of the FEPR calculations across the DMPC/choIesteroIpcav values even larger than that for system Il here. Also, in
mixed bil_ayers, asitis quite_ s_ens_ible to assume that t_he methodihese systems the region in whiBhu(2) is higher than in pure
works with the same precision in the aqueous region of the p\pc is extended toward the middle of the bilayer. It is also
membranes as in pure water. Moreover, better precision can beseen that the..(z) profiles of systems Il and IV do not differ
expected in the less dense and apolar region of the hydrocarbonyonsigerably even in this region, indicating that above a certain
chains. However, in the dense interfacial region, the CIW cqoncentration this effect of cholesterol on the amount of cavities
calculations can work with a smaller precision, in particular for present is vanishing. On the other hand,Rex, = 2.9 A, only
larger solutes. These points should be kept in mind in the gystem |V, containing 40% cholesterol, has considerably higher
analysis of the FEPRs across the membranes, and only suctp_ values here than system | of pure DMPC, whereas the

features of the resulting profiles should be interpreted which p__ () profile of system Il is even lower here than that of
correspond to a considerably larger free energy difference thangysiem |.

0.06

%,,=0.00
- - - x, =0.04
® x,,=008

o x, =040

chol

PCHV(Z)

0.044 0

0.02

cholesterol concentration, and this effect is more expressed for

the estimated precision of the method. Contrary to the interfacial region, tHe.a(2) profiles seem
Cavity Profiles in the DMPC/Cholesterol Bilayers. The to be independent from the concentration of cholesterol beyond
Pcal2) probability profiles of finding spherical cavities larger +20 A, in the aqueous phase, and withies8 A, in the
than a given minimum size along the bilayer normal adése hydrocarbon region of the membrane. The only exception is
shown in Figure 1 as obtained in the four systems simulated that system Il contains considerably more cavities in the middle
for three different values of the minimum cavity radiRs,, of the bilayer than the other three systems. This independence

i.e., 2.6, 2.8, and 2.9 A. As is seen, the shape of the obtainedof Pca2) from the amount of cholesterol present in the
profiles is rather similar for the differefiR.ay values in all the membrane seems to be rather obvious in the agueous region.
four systems. The profiles are roughly constant beyond aboutHowever, the observed behavior ®f,(2) is rather interesting
+15 A, in the aqueous and interfacial regions of the membranes,in the hydrocarbon phase, since the density profile of the
and increase steadily toward the middle of the bilayer in the membrane in this region has been found to be independent from
hydrocarbon phase. It is also seen that the presence of cholesterdhe concentration of cholesterol only in the cholesterol-poor side
has rather little influence on th.,(2) profiles. The only region of the DMPC/cholesterol miscibility gap, whereas in the
where cholesterol noticeably influences the amount of cavities cholesterol-rich side higher hydrocarbon phase densities have
present is between about10 and 20 A, i.e., where the been observetf This contrasts the present finding, indicating
cholesterol OH groups are locat&dAs is seen, cavities are  that (i) although the density of system Il does not differ
found with higher probabilities here in systems of higher noticeably from that of systems | and Il in the middle of the
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membrane, it contains considerably more spherical cavities here
than the other two systems, and (ii) although the density of
system IV is considerably higher in the hydrocarbon region than
that of systems | and Il, the amount of spherical cavities is the
same in these systems. These two points can be explained by
assuming that cholesterol modifies the distribution of the free
volume in the middle of the membrane: empty pockets are more
spherical in the presence of cholesterol, whereas they are more
elongated forming narrow channels in its absence. This is
consistent with the finding of our previous study that the middle
part of the hydrocarbon phase of the membrane becomes
considerably more isotropic in the presence of a considerable
amount of cholesterol than in its abseR®&uch an effect of
cholesterol on the distribution of free volume would (i) facilitate 15
the solvation of relatively large molecules (i.e., that can only
fit into the largest cavities present) in the hydrocarbon phase
and (ii) make the diffusion of smaller or less spherical penetrants 20
(i.e., that can even fit into the smaller cavities and pass through
the empty channels) more difficult in membranes containing a
considerable amount of cholesterol. Similar considerations can -40
be made when comparing the density proffeand P.q(2)
profiles of the systems in the aqueous and interfacial regions
of the membranes. Namely, the density in the middle of the
interfacial region, betweer-15—-20 A, is about 20% higher
than in the aqueous phase, beyon@5 A, in all the four
systems? whereas the obtaineBc.(2) profiles are roughly
constant beyondt15 A. The fact that the concentration of
spherical cavities is the same in the aqueous phase as in the
dense interfacial region indicates that the free volume pockets
are more spherical in the interfacial than in the aqueous region.
These observations point out the importance of the distribution
of size, shape, and connectivity of the free volume pockets along
the bilayer normal in the determination of the permeability -101
properties of the membrane. A detailed analysis of the free
volume properties of the four membrane systems studied here,
which is beyond the scope of the present paper, is currently in -154
progress.

In order to investigate how the density of spherical cavities
depends on their minimum size, we have also calculated the
ratio of theP.,(2) profiles resulting from differenR:,, values.

The inset of Figure 1 shows the ratio of tRg(2) profiles with IS

X 40 30 20 -10 0 10 20 30 40
Rcav= 2.6 A andR(;aV= 2.8 A, a.nd WltthaV= 2.6 A andRcaV Z/A
=29A valges in system IV. As is seen, in the dense interfacial Figure 2. Free energy profiles of ¥, NHs, and NO as obtained by
as well as in the hydrocarbon region of the membrane, thesec)yy calculation using the minimum cavity radius value of 2.6-)(

ratios are around-23, indicating that the number of cavities and 2.8 A & —) in (a) system | (pure DMPC bilayer) and (b) system
with radii between 2.6 and 2-8.9 A is about the same as with IV (bilayer containing 40% cholesterol). Results fosdHand NO are

larger radii. On the other hand, in the aqueous phase these ratioshifted by—7 and+3 kcal/mol, respectively.

increase up t0 510, indicating that the density of cavities of e free energy profiles calculated are affected by the choice of
radius larger thaRcay decreases sharply between B values Reaw We have compared the free energy profiles obtained for
of 2.6 and 2.8 A in this region. three small penetrants, i.e.o®, NHs, and NO, with theRay
Free Energy Profiles. Dependence of the Results on the values of 2.6 and 2.8 A (Figure 2), and for two larger penetrants
Choice of Minimum Caty Radius.As is discussed in the  (CO, and CHC}) with the R.ay values of 2.6, 2.8, and 2.9 A
previous section, the solvation free energy values determined(Figure 3) in systems | and IV. It should be noted that while
by the CIW method should, in principle, depend on the arbitrary the calculations have been performed in the same way when
choice of the minimum cavity raditR:a.. Given that the same  using theR.y values of 2.6 and 2.8 A, in the caseRf, = 2.9
points are checked as possible cavity centers in the procedured 2.5 times more grid points have been checked. As is seen
and the same number of insertions are made in each cavityfrom Figure 2, the choice dR.ay = 2.8 A has led, with only a
found, smallefR.ay values should lead to more precise results, few exceptions, to consistently higher solvation free energy
as the increase dR:., implies the neglect of several possible values than the use &.,= 2.6 A in the interfacial and aqueous
insertions. On the other hand, the use of larBes values regions. This difference is due to the contribution of the test
requires considerably less computing time, and hence in apositions located in cavities of radius between 2.6 and 2.8 A to
calculation performed within the same time, more test points the ensemble average of eq 2. However, the observed difference
can be checked and more test insertions can be made, whictbetween the curves obtained with the t®g, values is still
can improve the precision of the results. In order to test how rather small in all cases, being comparable with the precision
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TABLE 5: Dependence of the Average Excess Hydrational

- Free Energy on the Distance from the Lipid Bilayer

g T no. water A’HZO A'NH3 A,NO

s system molecules Z(A) (kcal/mol) (kcal/mol) (kcal/mol)

% system | 2033 395 -—1281 —6.87 3.75

= long box A 3045 50 -11.21  -7.02 4.29
long box B 3520 55 —10.59 —5.24 3.69
bulk watef infinite  —5.39 —2.00 2.88

(-5.00p (—2.76p  (4.25p

aSee Table 4° Values in parentheses are obtained by extrapolation
from the linear fit of theA'(Z™1) data (see Figure 4).

to the energy average in eq 2, and hence, a more accurate search
for such large cavities becomes far more important for a solute
of this size than the inclusion of smaller cavities in the
procedure.

Considering the results of these comparisons, the following
analyses are performed with the choice=pf, = 2.6 for all the
penetrants, with the exception of CHGbr which the profiles
obtained with theR.4y value of 2.9 A are used.

Dependence of the Excess Hydrational Free Energy on the

-9 T T T T . . .
40 30 20 -10 0 10 20 30 40 Distance from the Membrands is seen from Figure 2, the

Z/A excess hydrational free energy values obtained @ kh the

6 aqueous phase of the membranes are falling in the range between
CHCI, —8 and —13 kcal/mol, considerably lower than the value of
" T Ram26A —5.39 kcal/mol obtained in bulk water (see Table 4). A similar,

-, 2 although smaller, difference is found between the excess
hydrational free energy of N¢fs calculated in bulk water and
in the aqueous side of the bilayers. This effect of the vicinity
of a lipid membrane on the excess hydrational free energy of
polar solutes has already been observed in our previous %tudy.
Unfortunately, the resulting free energy profiles are rather noisy,
which makes it difficult to analyze in the aqueous phase their
dependence on the distance from the bilayer. Nevertheless, it
* T 1| is quite clear that the hydrational free energy values of these

4030020 -10 01020 32/}&40 solutes are increasing as they are getting farther apart from the

i i . membrane. It should be noted that similar behavioA'efo(2)
Figure 3. Free energy profiles of C{and CHC} as obtained by CIW : L . .
calculation using the minimum cavity radius value of 2.6-4(2.8 A has.bee.n o.bs.erved in tl;e vicinity of the water/1,2-dichloroethane
(— ), and 2.9 A - -) in (a) system | (pure DMPC bilayer) and (b)  liquid—liquid interface? _
system IV (bilayer containing 40% cholesterol). Results for, @& In order to analyze the dependence of the excess hydrational
shifted by—6 kcal/mol. free energy on the distance of the apolar phase, we have

performed two more simulations of the pure DMPC bilayer.

of the method for these solutes as estimated in aqueousThese simulations have been done in the same way as in the
environment (see Table 4), and vanishes in the less densecase of system I, with the only difference that the first of these
hydrocarbon phase, where considerably more large cavities carsystems (referred to as “long box A”) contained 3045, whereas
be found than in the aqueous region (see Figure 1). the second system (“long box B”) contained 3520, water

The comparison of th&a, = 2.6 A andR.ay = 2.8 A free molecules, and the heights of the hexagonal prism shaped
energy profiles leads to similar conclusions for the larger simulation cells have been increased accordingly. We have
penetrants, although the difference of these curves is generallycalculated the free energy profile of three solutes, i.eQH
smaller here than for smaller solute molecules, as cavities of NH3z, and NO, in these long box systems in the same way as in
2.6 A < Reay < 2.8 A are less likely to correspond to low enough  system | with theReay value of 2.6 A. Since the resulting profiles
energy for larger test molecules. The profiles obtained Rith are as noisy as in system |, we have averaged the excess
= 2.9 A behave similarly to those @y = 2.8 A for CO,, hydrational free energy values over theange of the width of
indicating that the checking of more test points roughly 30% of the total box height, located farthest from the membrane.
compensates the neglect of cavities of radius between 2.8 andThe distance of the middle of the slab considered from the
2.9 A for this molecule. However, the situation is quite different middle of the membrane, denotedZsind the resulting average
for CHCls, where the choice dR.ay = 2.9 A leads consistently  excess hydrational free energy values are summarized in Table
to the lowest free energy values. Moreover, contrary to the case5 for all the three solutes. For comparisons, the table also
of smaller molecules for which the difference between the contains theA' values obtained in pure water. The resultiig
profiles obtained with differenR;,, values remains within the  values are plotted again& ! in Figure 4. As is seen, the
estimated precision of the method, the choiceRgf, has a resultingA'(Z~1) points can well be fitted by linear functions.
dramatic effect on the FEPR of chloroform in the dense The fitted lines are found to be steeper for more polar solutes
interfacial region of system |, as seen in Figure 3a. This is due (the dipole moment of the 4D, NH3;, and NO models used are
to the fact that for the large CHEmolecule only the largest  2.391 D, 1.894 D, and 0.155 D, respectively). When fitting a
cavities present in the systems can give considerable contributionstraight line to thed'(Z™1) points obtained from the membrane
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Figure 7. Free energy profiles of CHElacross the simulated fully
hydrated DMPC/cholesterol mixed membranes. Solid ling System

Figure 5. Free energy profiles of apolar or weakly polar solutes across |; dashed line { —), system II; full circles @), system IIl; open circles
the simulated fully hydrated DMPC/cholesterol mixed membranes. Solid (©), system IV.
lines (), system I, dashed lines—(—), system II; full circles @),
system lll; open circles(), system IV. The results for CQO,, and

aqueous phase as well as in the middle of the bilayers. On the
CO are shifted by-2, +2, and+5 kcal/mol, respectively.

other hand, the presence of cholesterol in the membrane clearly

decreases the free energy of all solutes in|theange between
simulations, the excess free energy value corresponding to pure10 and 20 A, where the cholesterol OH groups are loc#ed,

water (i.e., infinite distance from the membrane Zat = 0) indicating that it can considerably modify the thermodynamics

can be extrapolated. These extrapolated values, listed also inof the crossmembrane transport of these penetrants. This finding
Table 5, agree well, within the precision of the CIW method, s consistent with the previously discussed observation that the

with the values obtained in bulk water for the two polar solutes. amount of spherical cavities is increased in thignge in the
In the case of NO, this agreement is somewhat worse; however,presence of cholesterol (see Figure 1). The present results
for apolar or weakly polar solutes the difference between the indicate that the influence of cholesterol on the free energy
excess hydrational free energy values obtained in the agueousrofile, and thus on the permeability properties of small
phase of the membranes and in pure water is rather small, notmolecules, is closely related to its effect of modifying the
considerably larger than the precision of the method itself.  distribution of the free volume in the membrane by replacing
Discussion of the Obtained Free Energy Profil@se free the phospholipid molecules by considerably shorter cholesterols.
energy profiles of the eight solute molecules studied across theThe |z range around 20 A is of particular importance in the
four simulated DMPC/cholesterol mixed membranes are shown free energy profile of many solutes. This is the outer boundary
in Figures 5-7. As is seen, cholesterol has rather little influence of the region of the cholesterol OH groups; i.e., the head of
on the excess solvation free energy of these molecules in theonly the few cholesterols approaching closest to the interface
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is located here, whereas most of the cholesterol molecules areio be comparable with the accuracy of the present calculation.
not extended that far toward the outer membrane regdins. It is well-known that CQ can pass through real biological

Itis also evident from Figures-57 that whereas the presence membranes much faster than either CO @F O light of the
of cholesterol in the membrane has important consequences orPresent study, this fact can be interpreted that, contrary to CO
the free energy profiles, its concentration has only a minor effect or Oz, CO, can permeate almost freely through the cholesterol-
on them. The profiles obtained in system i, containing 8% Poor domains of the cell membranes.
cholesterol, do not differ considerably from those in system IV Figure 6 shows the free energy profiles of the three strongly
of 40% cholesterol content for most of the solutes. The reason polar, hydrogen bonding solutes studied. The general shape of
for this is the fact that the excess solvation free energy of a these profiles differs considerably from that of the diatomics
molecule in a given environment is determined by those possibleas well as of CQ As discussed in detail in the previous
local arrangements in which its energy is the lowest, since a subsection, the solvation free energy profiles of these molecules
solvated molecule is almost exclusively located in local environ- decrease steadily from the bulk phase of water toward the
ments of minimum solvation energy. In the CIW calculation, vicinity of the membrane. In the inner part of the interfacial
this is realized by the fact that only the lowest energy test region, at aboutz = +20 A, these profiles go through a
insertions give considerable contributions to the ensemble minimum, increase sharply upon further entering into the
average in eqs 1 and 2. Hence, if a molecule can find lower hydrocarbon phase, and go through a maximum in the middle
energy positions in the vicinity of a cholesterol molecule than of the membrane. The free energy difference between the
among the chains of the DMPC molecules, then adding minimum and maximum of the obtained profiles in pure DMPC
cholesterol to a DMPC membrane lowers its solvation free has been found about 13, 6.5, and 13 kcal/mol feDHNHs,
energy by providing such possible low energy positions; and formamide, respectively. It should be noted that, despite
however, the increase of the cholesterol concentration does nothe serious simplifications made in the present modeling of
decrease further the solvation free energy considerably. membranes of living cells, the obtained height of the free energy

The calculated crossmembrane free energy profiles of the barrier of the crossmembrane penetration of a water molecule
apolar or weakly polar solutes are plotted in Figure 5. As is is in excellent agreement with experimental data obtained for
seen, the profiles of the three diatomic molecules are rathertwo biological membranes, i.e., 13.6 and 12.9 kcal/ffidihe
similar to each other in the membranes of all four compositions. free energy lowering effect of cholesterol mostly affects that
The excess solvation free energy profiles of these moleculespart of these profiles where they are increased from their
are constant beyone20 A, in the aqueous and interfacial minimum value in the interfacial region to their maximum in
regions, and betweeh20 A andilOAthey decrease steadily the middle of the membrane. However, the position of the
toward the middle of the membrane, where they are constantminimum of these profiles arounti20 A is still in thez range
again. The roughly 3.5 kcal/mol difference in the excess where the presence of cholesterol can decrease the solvation
solvation free energy of these solutes in the aqueous phase andéree energy. Therefore, adding cholesterol to the membrane
in the middle of the membranes represents the free energy barrietowers also this minimum and, hence, increases the free energy
these penetrants have to go through when crossing thesdlifference between this minimum and the maximum in the
membranes. It is also seen that tierange where cholesterol  hydrocarbon region, i.e., the free energy barrier these molecules
lowers the solvation free energy, i.e., between 10 A and 20 A, have to go through when passing through the membrane. In
coincides with the range in which the solvation free energy of this way, cholesterol can clearly decrease the permeability of
these solutes changes monotonically from the aqueous phaséhe membrane for such strongly polar penetrants.
value to the value characteristic of the middle of the membrane.  Finally, the obtained crossmembrane free energy profiles of
Therefore, cholesterol does not alter the free energy barrier, andCHCI; in the four systems simulated are shown in Figure 7.
thus, the thermodynamic driving force of the crossmembrane The profiles obtained in systems | and Il are markedly different
transport of these molecules just makes the transition range offrom the profiles of all the other solutes investigated. The
these profiles narrower. solvation free energy is found to be about 4 kcal/mol lower in

The situation is somewhat different for GOHere the the hydrocarbon region of the membrane than in the aqueous
difference between the free energy values characteristic of thephase. However, the profiles go through a huge barrier in the
aqueous and hydrocarbon phase is very small, about 1 kcal/dense interfacial region. This barrier is similar but much higher
mol, which is comparable with the estimated accuracy of the than what has also been found for £@ system I, due to the
method (see Table 4). In the absence of cholesterol, there is afact that the CHG molecule is considerably larger than €0
peak on the free energy profile betwei0 and 20 A. This Since it is rather difficult to find low enough energy positions
peak is due to the fact that in the densest part of the biflyer for the test insertions of the large CH@holecule in this dense
it is relatively difficult to accommodate a molecule as large as region, the exact height of this barrier cannot be reliably
CO,. However, this peak disappears in system Il, containing estimated by a CIW calculation, and thus, the obtained profiles
4% cholesterol, and becomes a dip in the systems of highershould only be interpreted in a qualitative way. Therefore, it
cholesterol content. Hence, adding cholesterol to a membranecan only be stated reliably on the basis of the present calculation
of pure DMPC lowers the free energy barrier of the crossmem- that large free energy barriers exist in the dense region of DMPC
brane penetration of CQup to a certain concentration, whereas membranes containing no cholesterol or of low cholesterol
further increase of the cholesterol content results in an increasecontent for CHG. However, when the cholesterol content of
of this barrier again. Thus, a G®nolecule has to go through  the membrane is increased up to 8%, this barrier completely
two consecutive free energy barriers of about-B% kcal/ disappears, and the resulting free energy profile becomes similar
mol when crossing either a membrane of pure DMPC or a mixed to those of the diatomic solutes. Further increase of the
DMPC/cholesterol membrane of high enough cholesterol con- cholesterol concentration in the membrane does not change the
centration. On the other hand, in mixed membranes of low free energy profile of CHGlconsiderably. It should be noted
enough cholesterol concentration a{fblecule can go through  that the anaesthetic behavior of CH@ related to the fact that
almost freely, the free energy barrier of such transport is found CHCI; can temporarily be dissolved in the interior of the cell
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membrane and leave the membrane several orders of magnitudéound to be only about-23 kcal/mol high, and it is transformed
slower than any of the other solute molecules studied here.to a dip of about the same depth in the presence of sufficient
Although this behavior is consistent with the existence of a large amount of cholesterol. In this way, the free energy barrier of
free energy barrier for CHEIn membranes of low cholesterol  the crossmembrane transport remains unchanged. However, at
content, it is not consistent with the lack of such a barrier in small cholesterol concentrations, the transformation of this peak
cholesterol-rich membranes. Thus, the present study points outo a dip is not completed yet, and thus, at a certain concentration
that the anaesthetic behavior of CH@annot be explained the intermediate stage of this transformation results in a flat
simply by thermodynamic arguments, i.e., by the height of the free energy profile. This concentration is estimated to be about
free energy barrier of its crossmembrane transport, at least in4% in the present study. Thus, upon increasing the concentration
the cholesterol-rich domains of the membrane, and hence, inof cholesterol from zero up to a certain, low concentration value,
these domains other reasons must be responsible for suchhe permeability of the membrane for €@ found to increase,

behavior. whereas further increase of the cholesterol concentration results
in decreasing permeability.
Conclusions Finally, it should be pointed out that the present analysis has

only targeted the free energy profile of the studied penetrants,
The results of the present study clearly point out that the effect yyhich is only one of the factors determining the permeability
of cholesterol on the permeability properties of phospholipid of the membrane. The other important factor in this respect is
membranes is, at least partly, originating in the fact that the diffusion profile of the penetrant molecules across the
cholesterol modifies the free volume properties of the membrane memprane (see the inhomogeneous solubility-diffusion model
in the hydrocarbon phase. Thus, in the region where the of Marrink and Berendserif;!7 which is not accessible by
cholesterol OH groups are located, the density of spherical ponte Carlo simulations. However, our findings on the free
cavities of a given minimum radius is increased with increasing yolume distribution can provide some qualitative hints also in
cholesterol concentration, and this effect is stronger for smaller hig respect. Thus, in the absence of cholesterol, free volume is
limiting cavity radius values. This behavior is the consequence gistriputed in a less spherical way in the hydrocarbon phase of
of two main reasons. First, at high cholesterol concentrations, the membrane than in its presence. Elongated voids can form
the density of the membrane in this region is considerably narrow channels easier than spherical cavities, and thus facilitate
smaller than at low cholesterol concentrations or in the absenceyne diffusion of small solutes of elongated shape, while making
of cholesterof? and hence, there is more free volume available the diffusion of larger spherical penetrants more difficult. In

in cholesterol-rich than in cholesterol-poor or cholestgrol-fret_e order to clarify this point, a detailed analysis of the free volume
membranes. However, at low cholesterol concentrations, this properties, including the investigation of the size and shape
density decreasing effect of cholesterol is margifidh such distribution as well as connectivity properties of the free volume

membranes, the increase of the number of spherical cavitiespockets across these membranes, would be of great importance.
relative to the pure DMPC membrane results from the fact that \work in this direction is currently in progress.

the distribution of the free volume is changed by cholesterol:
in the region of the cholesterol OH groups as well as in the
middle of the membrane, free volume pockets are more spherical
in the presence than in the absence of cholesterol.

The increased number of spherical cavities of a given
minimum size in the region of the cholesterol OH groups, and,
in particular, around the outer boundary of this region, results
in lower solvation free energy values here for all penetrants
investigated. This change, however, affects the free energy
barrier of the crossmembrane transport of different penetrants
in different ways, depending on the shape of their free energy
profiles. Thus, for apolar or weakly polar diatomic solutes, the References and Notes
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