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Reliable computer simulations of complex biological environments such as integral membrane
proteins with explicit water and lipid molecules remain a challenging task. We propose a
modification of the standard generalized Born theory of homogeneous solvent for modeling the
heterogeneous dielectric environments such as lipid/water interfaces. Our model allows the
representation of biological membranes in the form of multiple layered dielectric regions with
dielectric constants that are different from the solute cavity. The proposed new formalism is shown
to predict the electrostatic component of solvation free energy with a relative error of 0.17%
compared to exact finite-difference solutions of the Poisson equation for a transmembrane helix test
system. Molecular dynamics simulations of melittin and bacteriorhodopsin are carried out and
performed over 10 ns and 7 ns of simulation time, respectively. The center of melittin along the
membrane normal in these stable simulations is in excellent agreement with the relevant
experimental data. Simulations of bacteriorhodopsin started from the experimental structure
remained stable and in close agreement with experiment. We also examined the free energy profiles
of water and amino acid side chain analogs upon membrane insertion. The results with our implicit
membrane model agree well with the experimental transfer free energy data from cyclohexane to
water as well as explicit solvent simulations of water and selected side chain anal@§¥50
American Institute of PhysicfDOI: 10.1063/1.1865992

I. INTRODUCTION explicit representation, the majority of computer time in such
simulations is typically spent on computing the detailed tra-
Computer simulations have long been established as jctories of the surrounding environment rather than the bio-
powerful method for studying the structure, dynamics, andnglecules of interestFurthermore, the complexity of mem-
energetics of biological macromoleculesn particular, the  prane protein environments requires elaborate protocols of

modeling of waFer-s_qubIe _biomolecplgs has b?c_omesetting up simulation systems with explicit lipids and
straightforward with increasingly realistic and efficient ¢ ents

methods. However, reliable simulations of more complex As an alternative to an explicit simulation, a mean field

biological environments, such as integral membrane prOteinﬁpproach based on an implicit solvent description may be

embedded in lipid bilayers, remain a challenging tasior used to represent the environment. In such methods the sol-

such computer simulations, an accurate description of the - . .
. . . . i ... vent degrees of freedom are eliminated with a formulation
surrounding environment of biological molecules is a critical

) o . . . tpat depends only on the solute conformatiddne success-
aspect in achieving a realistic energetic representation g

S . ful implicit solvent approach describes the environment as a
those molecule$An explicit inclusion of solvent molecules P PP

provides the most detailed information on the interactions_d'el,ecmc continuum, _Wh'Ch gives rise t9 the solvent polar-
between the solute and its environm&h#s an example of 1zation  effect described by the Poisson or Poisson—
membrane-bound biomolecules, simulations of complex sysS°ltZmann(PB) equations. Although numerical solutions to
tems such as human aquaporﬁwihd KcsA K channelé ~ the PB equation accurately represent the electrostatic com-
with explicit lipids and water molecules have been successPonent of the solvent-solute interactidit, remains difficult
ful in providing insightful information about their perme- to balance efficiency and accuracy when such an approach is
ation mechanisms. However, due to a substantial number @Pplied to  molecular ~ dynamics  simulations  of
solvent and ||p|d molecules that are needed in thé)i0m0|eCU|E§.o_12 However, direct application of Poisson
theory has been used successfully for determining free en-

dauthor to whom correspondence should be addressed; FBX7) 353- ergy proflles upon _membran? insertion of ”gld models of
9334; Electronic mail: feig@msu.edu cholesterol and derived steroid hormori@s.

0021-9606/2005/122(12)/124706/13/$22.50 122, 124706-1 © 2005 American Institute of Physics


http://dx.doi.org/10.1063/1.1865992

124706-2 S. Tanizaki and M. Feig J. Chem. Phys. 122, 124706 (2005)

A more efficient analytical approximation to solutions of
the PB equation is given with the generalized B@@GB)
formalism, where the electrostatic solvation free energy is = & atom i & atom i
expressed as an analytical pair-additive function between
atoms* Following recent improvements;’ the GB model
can predict the electrostatic solvation free energy within
~1% relative error from the exact numerical PB soluttfn.

The GB model has been successfully applied to molecular
dynamics simulation®!° the scoring of protein confirma-
tions in structure predictiof?, and protein-ligand binding

free energy calculatiorf. FG. 1. (8 H tandard implict solvent modsland "
- . . . 1. (8 Homogeneous standard implicit solvent modglande,, are the
While current GB methOdOIOgy IS very successful in dielectric constants of a protein and solvent, respectivbjyHeterogeneous

modeling simple homogeneous dielectric environments, th@npiicit membrane(dark gray areaenvironmentze,, is the dielectric con-
implicit modeling of more complex environments, such asstant of a membrane and varies along ttdirection.

biological membranes, requires a heterogeneous description
with a spatially varying dielectric constant. In the case of
biological membranes, a layered dielectric environment with

a low dielectric lipid interior surrounded by high dielectric | h vent . &Ry, 1(a); deled
lipid head groups and water molecules is most " & NOMOGENEOUS Solvent environm 9. 1&); modele

appropriaté??® First attempts at modeling such systemsalS atcortmtrjuouls d;_eleﬁtﬂtcthe GB iormallslzme)xpresst,ez the
with the GB model essentially treat the membrane as an ex cctrostalic solvation free energy for a so resented as

tension of the solute cavity with the same dielectric constanf dZ'et't of pollnt'g crargesacgé)%gl()ng to the following pair-
as the solute molecul@suallye=1).2**While such models ~add!tiVe analytical expressior:
were applied successful in some ca&ethey remain funda-

(a) homogeneous (b) heterogeneous

AGg), = AGgis+ AG gy + AGca)ity - (1)

mentally limited to a two-dielectric system(solute/ AGgy= - 16 1 i)

membrane versus wajeand do not allow a dielectric bound- gy &y

ary between the solute and the membrane interior. The use of non

an empirical solvent-exclusion model in simulations of mem- x> %9 , (2)
brane proteins was also reporl@d—]owever, the experimen- i=1 j=1 V/rﬁ + ajaj expl— rﬁ/Fai @)

tal data used to derive the solvation parameters are based on

the transfer free energies from vapor phase to cyclohexangyhere gp is the solute cavity dielectric constan,, is the

and the membrane is simply viewed as a nonpolar hydrophasolvent dielectric constang is the atomic charge of thi¢h

bic homogeneous continuum. Here, we propose a novedtom in electron units;; is the interatomic distance between

modification of the standard GB formalism that allows thethe ith and thejth atoms in angstromg; is the so-called

representation of heterogeneous dielectric environmentsffective Born radius of théh atom in angstrom, an@l is a

This method called HDGB for heterogeneous dielectric gen- dimensionless empirical parameter usually taken to'fe#

eralized Born is illustrated with an implicit model of bio- 85 The effective Born radiug; is typically estimated in the

logical membranes, which consists of multiply layered di-Coulomb field approximatic?ﬁ (CFA) by the solute-volume

electric regions. All of the layered dielectric slabs haveintegration approach, that is,

dielectric constants that are different from the solute cavity

dielectric constant. 1 1 1 1
In the following, the standard GB theory is reviewed = —=—--— —dv=A,. )

briefly, and our modifications to the existing formalism with @ R 4m soluter>R, '

respect to heterogeneous environments are introduced. Then,

we present and discuss results from evaluating our model fofhe integration is performed over the interior space of the

the case of a biological membrane environment with a numsolute except for the spherical region of a radRigentered
ber of test systems. at theith atom(R; is the van der Waals radius of théh

atom. However, it has been demonstrated that effective Born
radii calculated in the Coulomb field approximation would

give poor approximations to the atomic self-energies from
the Poisson theory, while PB self-energies do in fact give

Il. THEORY near ideal results when Eq2) is used®” A higher order
A. Implicit solvent based on the generalized Born correction to the CFA was proposed in the GBMV
formalism formalism'® as

In any solvent environment, the solvation free energy of
a given solute may be decomposed into electrostatic contri- @ = ; (4)
butions AG,,, van der Waals interactiondG,,, and the (1-1N2A+ A,

cost that is required for forming the solute cavity
AC':‘cavity:llyzsv29 where
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1 1 1 1/4 o . I
A, = ( = dV) (5) (a) Five-dielectric mode

4R Am ) uer-r T’ 0 10 15 20 25 z

andA, is given by Eq.(3). Meanwhile other improvements : Rl
to the simple CFA were proposed as walf® 8 =2 7 180 21
Although the above formalism has become very success- g
ful in approximating the solutions to Poisson theripr the : iy
high-contrast case of a low dielectric solute cavity
surrounded by a high dielectric continuui@.g., e,=1 and
&,=80), it was recently pointed out that the effective Born
radius varies according to the dielectric constant of the sol-
vent. In fact, effective Born radii deviate increasingly from
direct solutions of the Poisson equation whgnapproaches

(b) Three-dielectric model
0 10 15 z

gp in the low-contrast scenario of a solute in a nonpolar =2
environment®  Motivated by the exact Kirkwood

expressioff for the reaction field of a single off-center

charge in a solvated sphere, an expression was proposed that

estimates the effective Born radius as a function of the di- (c) Two-dielectric model

electric constants of the solvent and the solute. The proposed 0
expression is an extension of the regular GBMV formalism
given in Eq.(4) and is based on the i¥integralA, [Eq. (3)]
and 17 integral A; [Eq. (5)],
1 iD+—=— (8
3ey ) gyt 1l
7

3ey + 28,

Ct’i(SW,Sp) =

CoAy+ C1<

whereC,, C;, D, andE are dimensionless free parameters.
These four parameters are optimized with respect to the val-
ues of the electrostatic solvation energeS,; obtained by
finite-difference solutions to the Poisson equation for a set of
test proteins. The parameters were determined toChe
=0.3225C.=1.085D=-0.14. andE=-0.15. which led to a FIG. 2. Three different types of dielectric continuum models for a
relative B;C(l;uracy O:fvl% With’the GBMV fo,rmalism for the membrane-water system are shown schematically. Zdéection corre-

- . . sponds to the direction normal to the membrane plane, and the center of the
whole range frome=80 to low-dielectric environments. membrane is taken to be=0. See text for the description of the dielectric

regions.

B. Extension to heterogeneous dielectric
environments membrane the environment can be described as multiple lay-
s of infinite dielectric continua so that the dielectric con-
stant only varies in the direction perpendicular to the mem-
brane (termedz in the remainder of the paperStern and
Feller have calculated the dielectric profile of a dipalmi-
toylphosphatidylcholinéDPPQ lipid bilayer in water from a
0 ns molecular dynamics simulation at 50 °C and 1 Ftm.

While their analysis distinguishes between theomponent
and thex andy components parallel to the plane, we used
their data as a guide to divide the membrane environment
n n . . . . . . . .

1 1 into different regions of isotropic dielectric media as shown
AGeist= = 1662 %( ) in Fig. 2. We should note that throughout this study we are
- approximating the geometry of DPPC bilay&fsind we will

In the case of a heterogeneous dielectric environme
[Fig. 1(b)], it is immediately possible to introduce the idea of
a local environmental dielectric constasntand to calculate
Born radii a;(e;, £p) according to Eq(6). While the meaning
of such a local dielectric constant in the context of a hetero
geneous dielectric environment will be discussed further in
moment, a modified version of ER) may then be used to
obtain the solvation free energy,

€p 8ij(8i18j)

% 4iq; make appropriate remarks when comparing with data for dif-
\/rﬁ + o)) (e exl - rﬁ/Fai(ei)aJ(sj)]’ ferent lipid bilayers. In a five-dielectric model, the dielectric
7) constant values are chosen tode2 in the membrane inte-

rior for |z between 0 and 10 Ahydrocarbon tails of lipid

where the prefactofl/e,~1/e,) is now inside the double molecule$, £=7 for [z between 10 and 15 Aester group

sum, andejj(e;,¢)) is a function ofe; ande; (see below. region, £=180 for |7 between 15 and 20 Ahead group
Coming back to the concept of a local dielectric con-region, =210 for |z between 20 and 25 Ahead group/

stant, we propose a definition based on the dielectric constaiiterfacial water regiop and e=80 otherwise(bulk water

of the nearest solvent region. In the case of a biologicategion. In a simpler three-dielectric model a value of 80 is
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-10 W%

AG,,, (kcal/mol)

z(A) 2 &)

FIG. 3. The electrostatic contribution of the solvation free enex@®y, is

plotted for a monovalent spherical ion of radius 2 A as the probe ion move§|G. 4. The apparent dielectric constant curves are determined for the probe
across the membrane along theirection. Boxes and triangles represent the ions of three different radiibox for 1 A, triangle for 2 A, and star for 3)A

five- and three-dielectric models, although they may be difficult to distin- The values ok’ at the center of the membrane for radii 1, 2, and 3 A are
guish. Starge=2 and 80 and diamond€e=1 and 80 represent the two  2.108, 2.258, and 2.426, respectively.

dielectric models. The different dielectric models for the membrane-water

environment are described in Fig. 2.

1 \g?
AGg(z) =—-166 1 - v @)’ (8)
€
assigned to the region beyond 15 A motivated by the fact
that a prefactor in Eq.(7) of (1/1)—(1/210 or whereq is a charge value of the probe i¢hfor the monova-
(1/1)—(1/180 is approximately equal t¢1/1)—(1/80. A lent ion) in electron units ané is a radius of the ion sphere
two-dielectric model was also considered in which the mem.n angstrom.

brane is a homogeneous dielectric medium withl (model In the case of our membrane mOdel’ the cz_;\l_culatlon of
B) or £=2 (modelA) from 0 to 15 A from the center. In all such an apparent dielectric constant is simplified by the

of these cases, the most straightforward approach would b;_epembrane geometry and only depends on fgirection.

to simply use the stepwise functiasiz), which maps the igure 3 shows the electrostatic solvation free energy
. 4 P . ’ PS 1 AGgs(2) of a monovalent spherical ion computed numeri-
dielectric constants of the underlying layers and to define th

. . o . ~'tally by solving the Poisson equation as the ion moves
local dielectric constant for an atomic site according to its; - qss the implicit membrane models described in Fig. 2.

position. This is problematic, however, because it neglectsnhe radius of the ion was set to be 2 A. In comparing the
the effect of polarization at the dielectric boundaries that argjifferent models proposed above, we find that the maximum
present in a layered dielectric system in addition to any isapsolute difference iNAGg between the five-dielectric
sues that arise due to discontinuities at the layer interfaces. ljhodel and the three-dielectric model is less than
fact, if one considers the case of a spherical ion in the cong.9 kcal/mol while the difference between the five-dielectric
text of one or more planar dielectric interfaces, the electromodel and two-dielectric modeR is substantial(up to
static solvation energy obtained by solving the Poisson equdt9 kcal/mo). We also note that in the two-dielectric model
tion varies smoothly as a function of taeoordinate normal B the transfer free energy of an ion from bulk water to the
to the interfacegsee Fig. 3. membrane center is almost twice as large compared to all
If the solvation energy was only dependent on the dielecother models. From this comparison, it appears that the
tric environment of the |ayer where the center of the ion isthree'dielectric model is sufficient in Capturing the essential
located, the solvation energy could be calculated accordingi€lectric properties of biological membranes while the two-

to the Born equatiolt and would be constant within each dielectric model introduces rather large deviations from the

dielectric layer, which is clearly not the case in this example M0St comprehensive five-dielectric model. Figure 4 shows

While Poisson theory treats the case of multiple dielectricthe resulting appa_rent dielect_ric constant curves determined
boundaries correctly by solving the electrostatic potentiarrom Eq. (8) by using thre_e different _prob_e rac["|_1, 2, and
throughout space, the GB formalism is inherently local and3 A) for the three-dielectric model with dielectric constants

cannot explicitly incorporate additional dielectric inten‘ac:esOf 2, 7, and 80. We would like to emphasize that the calcu-
plcitly _p . . _lated apparent dielectric constant profile depends on the spe-
that may be present in a given system. As a solution to thi

I he i i ¢ ol Tific dielectric environment, and the profile will have to be
problem, we propose the introduction of an apparent dieleCigcicylated for a different system, for example, for a mem-

tric constant at a given spatial location in the heterogeneoug,ane with a different width. While this is somewhat incon-
continuum environment, which reflects the effect of the enyenjent, such a calculation only needs to be performed once
tire environment on a probe at that location. This apparenfor a given system. Since a suitable analytical description of
local dielectric constant, termed(2), is obtained by solving  the curves in Fig. 4 is not readily available, we decided to
the Born equatioff in the case of a suitable spherical probe employ a cubic spline interpolation function with first de-
with the electrostatic solvation energ¥Ggs(z) obtained rivatives set to zero at end poirn@®and 25 A, which results
from Poisson theory, in a differentiable function needed for molecular dynamics
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simulations®® Based on such a function we then set
=¢&'(z) and determine the effective Born radiasof theith
atom from Eq.(6) for the apparent local dielectric constant
€'(z). In order to calculates;; in Eq. (7), we propose the
simple arithmetic mean:

gij = 3le'(z) +&'(z)]. 9)

C. Nonpolar contributions to the solvation free 0 > 10 15 20 2

energy

z(A)
The nonpolar contribution to the solvation free energy is
espeC|a”y |mp0rtant in heterogeneous environments. Wh||§|G 5. The proflle functiorS(z) (solid Ilne) was derived by IeaSt-SqUares fit

. . . . the free energy profile data of oxygen in the lipid membrane computed by
many biomolecules remain stable in agueous solvent JU§eg<plicit MD simulations show as pointgdata are normalized to ope

based on internal interactions and the electrostatic contriburet. 43.
tion to the solvation free energy, a varying nonpolar solva-

tion free energy is essential in allowing molecules to remainthe nonpolar contribution is assumed to vary only alongzthe

in low-dielectric regions of heterogeneous environments?'re({t'on' Therefore, we will use the following functional
Based on the electrostatic interactions alone, any molecul®™
would always be driven to the region of highest dielectric
constant, where the screening of charge-charge interactions AGnp=AGygw + AGcasity = 72 S(z)SA,
is maximized. Nonpolar contributions counteract the electro- =t
static effect, as they are usually more favorable in low-where SA is a solvent-accessible surface area of ttie
dielectric environments such as the interior of biologicalatom,y is an empirical surface tension parameter to be de-
membranes. In the case of hydrophobic residues with a smatkérmined, andS(z) introduces the variation of the surface
electrostatic component, the nonpolar contribution wins outension along the direction.
so that such entities become favorable in low-dielectric re-  In previous studies, a simple and relatively steep switch-
gions. ing function was used to describe the change in the surface
The nonpolar contribution to the solvation free energy istension parameter from lipid membrane to bulk watd?
often approximated by a function that depends linearly orSuch a switching function is basically motivated by a step
the solvent-accessible surface at&®*'summarizing both function of low surface tension inside the membrane and
the cost of cavity formation and van der Waals solute-solvenhigh surface tension outside, which may fit well with a
interactions. While the solvent-accessible surface area modsimple two-dielectric model, but is insufficient in combina-
approximates the cost of cavity formation quite w8llve  tion with the more detailed, layered membrane model pro-
note that recent efforts are under way to modify this formal-posed here. A detailed free energy profile of @on inser-
ism in order to obtain a more accurate account of van detion in the lipid membrane has been computed by the explicit
Waals solute-solvent interactiofs?® For the purposes of molecular dynamic§MD) simulation?® Assuming that the
this study, we continue to use the standard solvent-accessibéelvent-accessible surface area is constant regardless to the
surface area model for the entire nonpolar contributionposition of oxygen, we used this data to define the shape of
while possible improvements with regard to van der WaalsS(z) in Eq. (12) as shown in Fig. 5. In order to fit the data
terms in the context of a heterogeneous environment are déom explicit MD simulation$® the following analytical and
ferred to a later study. In biological membrane environmentsdlifferentiable function was used:

n

(10)

(|2 - z)%(32, - 2|2 - 2)/(2, - 2,)° 0=|4<2z)
S2=11-0(Z*-DH3Z-242*-DIZ-7)* (z<|d<z) (11)
1 (otherwise.

The values of parametecs z,, z,, andz, were determined to  solvent. Other studies have used water surface tension pa-
be 0.32, 0.5, 9.2, and 25 A, respectively. As the nonpolarameters from % to 33, with lower values justified by ex-
contribution is essentially zero in the membrane intéfior perimental transfer energies for the alkane séti¥and suc-
and the functiorS(z) is scaled to the intervdD, 1], the value  cessful folding studies of peptides with implicit solvént.
of yin Eq. (10) should reflect the surface tension in agueousWe tested different values in this range and found that values
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between 5 and 15 cal/mol£Agive best results. In the fol- z=19 A initially. Bacteriorhodopsin was terminated with a
lowing we will show results for 5, 10, and 15 cal/mol? f& charged standard terminus at both ends, and its center of
order to demonstrate the effect of  this mass was placed at membrane cefter0). Standard proto-

parameter. nation states were used for all amino acids of bacterior-
hodopsin except that the residues Asp96 and Asp212 were
lIl. METHODS protonated.** The systems were heated from 0 K to 300 K

) , ) ) for 135 ps for melittin and 160 ps for bacteriorhodopsin

_ The new formalism for modeling biological membranes, iie the harmonic constraint on the backbone atoms of

with the heterogeneous dielectric GB method in the precedsgjitin ~ was released gradually. The temperature

ing section was implemented based on the GBI\‘{IG\’/Mme]tﬁod of the system was controlled by using Langevin dynamics
in the macromolecular simulation packagearRMM, ™" "Ver- it 4 friction coefficient of 5 pg for all atoms except for

sion ¢30b0. All charge values and van der Waals radii Useﬂydrogen. ThesHAKE algorithn?® was used to fix the bond

are taken from the standardARMM22 force fields and angin 1o hydrogen atoms, which allowed a simulation time
parameteré. All hydrogen atoms are constructed by using step of 2 fs.

the HBUILD module in CHARMM program. Exceptions are
noted otherwise.
IV. RESULTS

A. Test systems A. Membrane generalized Born model versus Poisson

theor
In order to test the agreement between our new HDGB y

model and Poisson theory we generated 64 different orienta- The electrostatic solvation free energies from the HDGB
tions of the M2 channel-lining segment from nicotinic ace-formalism were computed by using the three apparent dielec-
tylcholine receptors and computed the electrostatic solvatioffic constant profiles for probe radii of 1, 2, and 3(gee Fig.
free energies for each orientation. The experimental structur®- The comparison with the PB reference values is shown in
of M2 [PDB entry 1EQ84Ref. 8] was manually rotated at Fig. 7. We found that the relative erroiS between our
nine different angles and translated in seven different increelDGB model and the PB reference values are 0.39% for the

ments from the center of the membrane in order to spad A radius, 0.17% for the 2 A probe radius, and 0.50% for
interior and exterior regions of the lipid bilayer. For this the 3 A probe radius. While all of these values show excel-
comparison, we used the three-dielectric model of thdent agreement between HDGB and PB theory, the agree-
membrane-water system for our membrane GB calculatiofent is best when the apparent dielectric profile for the 2 A
(Fig. 6). The reference values for the electrostatic solvatiorProbe radius is used. Based on these results, we used the
free energy were computed by solving the Poisson equatiogPparent dielectric profile of the 2 A probe radius in all other
with the finite difference method implemented in the PBEQ¢calculations. The choice of a 2 A probe also agrees best with
modulé??® of CHARMM program. The focusing method was the typical distance of heavy atoms from the molecular sur-
used. The grid spacing was reduced from 0.8 A to 0.2 A vidace.

0.4 A. A water probe radius of 1.4 A was used to define the

molecular surface. We assessed the reliability of our memB. Free energy profile of water and amino acid side

brane GB theory including the nonpolar contributions bychain analogs across membrane

analyzing several test systems. Different values of the sur- . .
yzing Y As a first test of our membrane model, we studied the

face tension parameter®, 10, and 15 cal/mol A were f file of wat d . d side chai
used to estimate the effect of their magnitude for all simula- ree energy profiie of water and amino acid side chain ana-

tions with exceptions noted. Solvation free energy profiles in
the lipid membrane were calculated for an SPC water &
moleculé® and amino acid side chain analogs. For the case
of amino acid side chain analogues, our implicit membrane
GB model as well as the two-dielectric model GBSREfs.

2_4 and 26 was used for corgpa_\rison. For GBSW_ calcula- 10 B okt ') THR 20
tions, we used 0.04 kcal/molPAwith a membrane thickness interior &
A S GLN 13 g=1
of 30 A. &
Molecular dynamics simulations of melittin from bee SERS ,_,;59

venom and bacteriorhodopsibR) from Halobacterium sali- i

narumwere performed with our HDGB model. The details 15 oz :
of force field parameters of the protonated retinal Schiff base =28 - 2 - — —
can be found in Saaret al>* For both molecular dynamics 0
simulations we employed the recently improved CMAR)
torsion potentiaf.8 The starting structures of melittin and
bacteriorhodopsin were taken from the x-ray crystallographidG. 6. The M2 channel-lining segment fr<_)m nicotinic acetylcholine recep-
structureg PDB entry 2MLT (Ref. 52 and 1QH\]63 respec- tors[PDB entry 1EQ8(Ref. 48] is placed in the membrane-water system
. L . o ! . which is modeled as three dielectric mediaydrocarbon interior, ester
tively]. Melittin was _te”‘g'nated with a charge@ terminus  group, and the restThe partition of the membrane-water system into dif-
and a neutraN terminus: Its center of mass was placed at ferent regions is based on explicit simulatiai®ef. 22.

-10
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FIG. 8. Solvation free energy profile of water molecule alongzthgis with
-500 different values of surface tension parametgrimngles for 5 cal/mol A,
-500 400 3000 =200 -T00 stars for 10 cal/mol A and diamonds for 15 cal/molPA Explicit MD

AG,, (kcal/mol) by PB simulation data are shown as filled box&ef. 56.

Probe Radius 2 A

-100 yield a matching value of 65 in the bulk water region rather

than 80. We also modified the oxygen radius of the SPC
model, which is used to define the dielectric boundary, to a
value of 1.8950 A so that the electrostatic solvation energy
of —8.4 kcal/mol found from explicit MD simulation for the
SPC modéeP is reproduced by the implicit model. Assuming
a fixed conformation, the free energy profile of water and
amino acid side chain analogs upon membrane insertion
were obtained from averaging the solvation free energy for
different orientations at a given fixed center-of-mass distance
z from the membrane center.
S0——200——300——=200~——T00 In Fig. 8, the free energy profiles for the S_PC water
AG,, (kcal/mol) by PB model, computed with three different surface te_n5|on param-

Probe Radius 3 A e_ters(5, 10, and 15 gal/mol 33) are pompargd with the pro-

: i file from the explicit MD simulation. While the overall
agreement is good for the implicit nature of our model, we
find deviations in the transfer free energy from water to the
membrane center of about —0.5, —-1.0, and —1.5 kcal/mol for
surface tension parameters of 5, 10, and 15 cal/mpkré-
spectively. A shallow minimum in the implicit free energy
profile on the order okT is located in the region around
17 A which is not present in the data from the explicit MD
simulation and becomes more pronounced with increasing
surface tension values.

One possible explanation of the discrepancy between our
model and the explicit MD simulation results is that it has
00 300 =300 =200 __-T00 been assumed so far that the solvent-accessible molecular

AG,,, (kcal/mol) by PB surface remains constant along thealirection inside and
outside of the membrane. The effect of the change in the

FIG. 7. Electrostatic solvation free energies are calculated for 64 differeneffective excluded molecular volume from bulk water to
orientations qnd positi_ons of M2 by using th_ree different apparent dielectriGaembrane is probably not negligible. For a small spherical
constant profilegsee Fig. 4, and compared with theHarRvMm PBEQ results. . .

molecule such as water, lipid molecules are unlikely to be

able to wrap around the small high-curvature spherical sur-
logs upon membrane insertion based on the three-dielectrface, whereas near perfect packing is possible in agqueous
implicit membrane model. In these tests we added the norphase. As a result, the effectively excluded volume of water
polar contribution based on the solvent-accessible surfac@side the lipid membrane could be increased substantially.
area model as described in Sec. Il. For the SPC water modalyhile we plan to investigate this question in detail with ex-
a free energy profile is available from explicit MD simula- plicit lipid MD simulations that are beyond the scope of the
tions of water and DPPC lipid molecul&$® In order to present study, we can roughly estimate the effect of the vol-
match the explicit model as closely as possible, some modime change based on the difference in the free energy pro-
fications of our model were necessary. SPC water underestiles between our membrane GB model and explicit MD
mates the dielectric constant of bulk water with a value ofsimulations. The electrostatic contribution to the solvation
65>’ We scaled the apparent dielectric constant profile tdree energy is modulated strongly by a change in the

r
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Radius Modification
26 ——\
25
24
<23
[a
22
2.1
2
19 0 5 10 15 20 25
0 5 10 15 20 25 30 z(A)
z(R)
FIG. 10. Nonpolar profileS(z) (solid line) corrected according to the sug-
gested change in the water oxygen radius inside the membrane as shown in
Fig. 9. The original profile from Fig. 5(dotted ling is shown for
. Corrected Free Energy Profile comparison.
_ 5 profile shown in Fig. 10 with the parametarsz,, z,, andz;
CE> a4 in Eq. (11) determined to be 0.18, 0.5, 8.5, and 25 A, respec-
33 \\ - tively. We tested the modified nonpolar curve with a new
i~ " MD simulation of melittin with the results described below.
e In Fig. 11, the free ener rofile of neutral amino acid
> 1 \ g ayp
2 \ side chain analogs across three-dielectric model membrane
0 \ g P were computed without any radius modificatidgonncor-
= rected and with the radii of all atoms scaled according to the

0 5 10 15 25 30 35

. &3 ratio given in Fig. 9(corrected. We also computed the free
energy profiles by using the two-dielectric implicit mem-
FIG. 9. Change in water oxygen radi@iep) for y=15 kcal/mol Rin order ~ brane model GBSWRefs. 24 and 26for comparison. For
to fgalt(csholtize";fee)eaﬁgeégz’ag;gﬂé’;;tﬁi@t k;ﬂegNgﬁr:‘ug:ifoLEﬁl';ﬂt b";i)m_?:]ae”e methar;ol, acetamide, and acetic acid, explicit MD simulation
umnocoerrected solvation free energ‘; profilelotted ling is showﬁ for reSUIté Wer_e avallable_ and are shown as well. For Fhese free
comparison. energy profile calculations, we used a surface tension param-
eter of 15 kcal/mol & since we found that this choice best
described the position of melittin in membrane from the mo-
excluded volume as given by the choice of atomic radii thajecular dynamics simulations of melittitlescribed beloy
define the excluded volume in the |mp||C|t model. In the Cas€Tabhle | summarizes our results Showing the free energies of
of water, only the oxygen radius is relevant, since the hydrotransfer from the center of the membrane to bulk solvent for
gen atoms are embedded completely within the van defincharged species ati=7. Amino acid side chain analogs
Waals sphere of the water oxygen. Therefore, the free energste arranged in increasing order of the solvent accessible
profile of water can be matched by altering the oxygen radiugurface aregSASA). For molecules with SASA less than
suitably as a function of. As a result we obtained the oxy- 270 A2 except 4-methylimidazole, the agreement of our
gen radius profileshown in Fig. 9 top which leads(by ~ model with the experimental free energies of transfer from
construction to very close agreement of the free energy pro-cyclohexane to water is better with the radius modification
files from implicit solvent and the explicit simulatiof§ig. 9  applied. For toluenep-cresol, and 3-methylindole, SASA is
bottom. Here, we did not change the nonpolar contributionclose to or bigger than 300%Aand the agreement is better
based on oxyge(Fig. 5, since the nonpolar profile of water without the radius modification. This result is consistent with
was found to be very similar to the oxygen from explicit the idea that larger molecules can be packed more efficiently
lipid simulations?°° in the lipid environment. The free energy of transfer for
However, in the case of larger molecules, the standard-methylimidazole is computed more accurately without the
set of atomic radii is assumed to be appropriate for the elearadius correction although it has SASA less than 270The
trostatic contribution to the solvation free energy because ghape of 4-methylimidazole is, however, planar, and a closer
much closer contact is possible between the lipids and a loweontact is possible between the lipids if the small molecule is
curvature molecular surface. However, the nonpolar contrieriented vertically. The errors of our model are within about
bution, which is based on the small oxygen molecule, mayl.5 kcal/mol when the radii are modified for the smallest
need to be corrected for large molecules for the same reasanolecules as suggested. These results may be compared with
the electrostatic contribution is corrected for water. If weaqueous solvation free energies from extremely accurate ex-
assume that the correction of the water oxygen radius as p@licit solvent simulations that have resulted in an error of
function of z (Fig. 9 top is indicative of how the effective 1.06 kcal/mol for thecHARMM force field for 15 neutral
excluded volume is enlarged in the membrane interior, weamino acid side chain analo@%ln comparing with the ex-
can use that data to estimate the correction of the nonpolanlicit membrane insertion profiles from a recent stﬁ?jwe
contribution for large molecules. As a result we obtained thdind that the implicit free energy profiles with our new for-



124706-9 Dielectric environments of biological membranes J. Chem. Phys. 122, 124706 (2005)

methane (Ala) methanol (Ser) n-butane (Ile)
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5 10:15.20.25530 5 1015 20 25 30 FIG. 11. Solvation free energy profiles of amino acid side
acetamide (Asn) . acetic acid (Asp) 0 toluene (Phe) _  N-propylguanidine (Arg)  chain analogs along theaxis are shown for our implicit model
617\ p i | ! 6L 7N | GB model without the radius correctidsolid line) and with
4 ; 4 ) % - 4 | the radius correctiofidashed ling the two-dielectric model
3 21\-— 2 GBSW (Ref. 29 (empty triangle, and the explicit MD simu-
2 3 ? \ -3 ] \ lation results(Ref. 59 (solid line with error bar; only for
0 1 | % -4 : 0 \7_ methanol, acetamide, and acetic atidde used surface ten-
5 = -5 : - A sion parameters of 15 cal/moPAThe arrow indicates the ex-
5 10 15 20 25 30 5 10 15 20 25 30 5 1015 20 25 30 5 1015202530 perimental transfer free energy from cyclohexane to water for
propane (Val) propionic acid (Glu) p-cresol (Tyr) 3-methylindole (Trp) uncharged specidRef. 74 at pH 7.
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malism agrees well with the data available for Asn, Asp, andlrp analog is at the lower end of the experimental range for
Ser analogs. The results of the two-dielectric model GBSWthe location of the Trp residue of Ala-Trp-Al@-tert-butyl
do not agree with the experimental results as well as oupeptide, but close to the average location of tryptophan resi-
model, especially for Met and Phe analogs the errors werglues in a number of membrane proténand the results of
larger than 2 kcal/mol. Furthermore, there are qualitativesxplicit MD simulations of indole molecuf® The transfer
differences with the GBSW model for etharfathich should  fge energy of 3-methylindole from water to membrane was
be less favorable in the membrane inteyiand for all of the  ostimated by our model to be 2.3 kcal/mol, which qualita-
aromatic molecules as described below. tively agrees with the range of experimental valtie® %
Aromatic residuesTyr, Trp, and Pheare known to be 1 \o_dielectric membrane model GBSW did not predict a

located predomif“"%‘ﬂg’ in_the memb_rane interface reQ‘O_’?S 0{ree energy minimum at the interface for any of the three
membrane proteins:” This observation has been quantified aromatic compounds which is expected to have an effect in

further by neutron diffraction measurements of the transbi- . . : o .
layer distribution of Ala-Trp-Ala®-tert-butyl peptide in ori- simulations with GBSW where the localization of aromatic

ented dioleoyl phosphatidylcholindOPQ bilayers. The residues at the inte.rface plays an important role. The-empiri—
distribution of its geometrical center was described by theCal s.ol.vent—ex.clusmn model of membrane proteins by
combination of two Gaussian functions and resulted in the-22aridis — estimated  the transfer free ~energy of
rather broad range from 9.5 A to 33.1 A with the center lo-3-Methylindole  from ~water to the interface to be
cated at 24.30 A from the bilayer cenférour HDGB 1.7 kcal/mol, which is in agreement with our results. The
model, without any radius modification, predicted the loca-POsition of the Trp residue of Ala-Trp-Al@-tert-butyl pep-

tion of free energy minimum of Tyr and Trp analogs at tide was found to be 14.5 A in his two-dielectric representa-
16.0 A and 15.0 A, respectivel§Fig. 11), which were just tion of biological membranes, which is also similar to our
above the ester group region for all values of the surfacéesults for 3-methylindole. However, more experimental and
tension parameter. For Phe analog, the free energy minimusimulation data may be needed in order to assess the accu-

was not observed around interface. The predicted value faiacy of our implicit model in more detail.
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TABLE I. Free energies of transfer from the center of the membrane to bulk solvent for neutral amino acid side
chain analogs are computed without the radius modificatiorcorrectel and with the radius modification
(correctedl. They are arranged in increasing order of the solvent accessible surfadSA&® and compared

with the experimental datéRef. 74 and results from the two-dielectric model GBSiRefs. 24 and 26

Boldface is used in uncorrected and corrected columns to indicate the value that agrees better to experimental

data.
SASA Expt. Uncorrected Corrected GBSW

Solute (A? (kcal/mol) (kcal/mo) (kcal/mo) (kcal/mol)

Methane 157.0 1.81 2.36 2.36 3.28

Methanol 181.1 -3.40 -2.11 369 -2.38

Methanethiol 193.8 1.28 1.63 1.17 2.29

Ethanol 210.5 -2.57 -1.00 233 0.03

Acetamide 219.7 -6.64 -3.21 577 -4.94

Propane 2315 4.04 3.02 3.03 5.57

Propionamide 252.0 -5.54 -2.52 498 -3.59

Isobutane 256.3 4.92 3.36 3.41 6.54

n-butane 260.0 4.92 3.40 3.46 6.57

4-methylimidazol 260.6 -4.66 438 -7.37 -4.86

Ethyl methyl sulfide 266.8 2.35 3.26 3.10 5.29

Toluene 298.1 2.98 2.96 2.53 5.23

p-cresol 3125 -0.14 0.04 -1.01 1.09

3-methylindole 341.2 2.33 1.25 0.01 3.84
C. Molecular dynamics simulations of melittin Fig. 12 based on the difference in the thickness of the hydro-
from bee venom carbon core between DPPC and DOFZB.5 A for DPPC

Melittin is an amphipathic membrane-lytia-helical and 27.1 A for DOPE*" The geometric center of melittin
peptide with 26 amino acid residues found in bee veRdbm. averaged over the last 2 ns of our simulations were found to
Melittin has become a benchmark system for membrane er2€ 22.9, 20.5, ar;j 19.1 A for surface tension values of 5, 10,
vironments with an extensive accumulation of experimentafd 15 cal/mol A, respectwe[%/(TabIe I). With a surface
and computational data. The location of melittifefined as  (€nsion value of 15 cal/molAour predicted location of
the projection of the atomic coordinates along the bilayerme“tt'“ agrees best with the adjusted experimental value of
norma) in oriented DOPC bilayers was determined at18:2 A. We also computed the difference between the solva-
17.5 A from the membrane center with a Gaussian width ofio" energies with our implicit membrane model and with an
4.3 A by x-ray crystallography using an absolute-scale re_lmplICIt homogeneous dielectric environmeat=80) for the
finement metho&® conformations sampled at the end of implicit membrane

Figure 12 shows the trajectory of trrecomponent of gimglations of melittin('l'.at':)le' ). The free energy of parti-
geometrical center of melittin over 10 ns of MD simulation ioning of unfolded melittin in aqueous solvent into folded
with different surface tension parameters. The switchingM€littin in the membrane bllff:l?yer_was_esumated experimen-
function in Fig. 5 was used. Since our membrane modefa/ly to be =7 to ~8 kcal/mol. With y=15 cal/mol X we

describes the DPPC lipid membrane, we adjusted the posﬁ-”d a difference i_n solvation energy of —10 kcal/mol for the
tions from experiments and the explicit MD simulations in foldéd conformation between aqueous solvent and the mem-
brane. In comparison to the experimental result this value is

expected to overestimate the transfer free energy since we

40 ignore the(positive) free energy contribution from folding
35 melittin into its membrane-bound conformation in agqueous
0230 solvent in the absence of the membrane. While we cannot
=25
:
520 TABLE Il. Membrane position and transfer energy of melittin for different
N15 values of the empirical surface tension parametethe positionsZy,  of
10 the geometric center of melittin are averaged over the last 2 ns of simula-
5 tions. The transfer energ¥E is computed as the difference between the
solvation energy with the implicit membrane environmégt) and an im-
2 4 6 8 10 plicit homogeneous aqueous environmést 80 ,E,,) for the melittin con-
time (ns) formations sampled during the last 2 ns of implicit membrane simulations.
FIG. 12. Z component of the geometrical center of melittin over 10 ns of v (cal/mol A?) Zyir (B) AE=E_-E, (kcal/mol
MD simulation at 300 K for different surface tension parameters. Horizontal
dotted lines indicate the experimental distribution. The shaded area corre- 5 229 -1.34
sponds to the range of the center of mass position of melittin during a 600 ps 10 20.5 -5.15
molecular dynamics simulation of melittin in explicit lipid bilayers and 15 19.1 -10.1

water (Ref. 8.
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FIG. 14. The backbone RMSQRop) and thez component of the center of
mass(bottom) of bacteriorhodopsin from MD simulations. The surface ten-
sion parameter was set to 15 cal/mdl Ahe bRMSD for all residues, TM
residues, and non-TM residues are shown in black, dark gray, and light gray
respectively. The dashed lines indicate the range of bRMSD from the ex-
plicit MD simulations of bacteriorhodopsin triméRef. 69.

average~1 A closer to the membrane center for all three
FIG. 13. Snapshots of melittin at the end of 10 ns MD simulations.  surface tension parametersy=5, =10, and vy
=15 cal/mol &. A shift closer to the membrane center with

estimate the total transfer free energy of melittin from aqueN€ altered profile is not surprising, since the nonpolar con-

ous phase to membrane interface from the current study, oﬂipbit'on Ef{edhuced 'IU the region 1;rom:5 to Z=_”15 A. V\lllth
estimate for the transfer energy of the folded conformation ofUch a shilt, the melitin center of mass Is still very close to

melittin appears to be in good qualitative agreement with tht%he exkﬁ)erlmel_nt_al d?ta, but it Ibe_glns to approach the results
experimental data. rom the explicit solvent simulations.

Figure 13 shows the snapshots of melittin at the end of . ,
10 ns MD simulation in order to illustrate its relative orien- D. MOIec.mar dy”af.“'cs simulations
. . . . . of bacteriorhodopsin
tation in the membrane. Previous 3.5 ns simulations of melit-
tin with the two-dielectric implicit membrane model GBSW One of the motivations for using the implicit solvent
found the positions of the center of the mass of melittin to bemodel over an explicit solvent representation is the possibil-
in the region between 12.4 A and 13.4 A which is just abovety to perform molecular dynamics simulations of
their membrane interfacel2.5 A) as well as 15.3 A for a membrane-bound proteins or peptides that are not feasible
small kink angle conformation and 5.8 A for a perpendicu-with an explicit solvent simulation due to the size of the
larly oriented conformatiofi? Their results agree with the molecules and/or the length of the desired simulation time.
600 ps explicit MD simulatioff,but not with the experimen- In order to demonstrate that our model is applicable to the
tally observed distributions of melittin in lipid bilaye?g.'l'he study of larger integral-membrane-bound proteins we have
surface tension coefficient used in GBSW calculatiém@as  tested our new formalism on bacteriorhodopsin where exten-
rather high at 40 cal/mol A while we used values in the sive reference data is available from simulations with ex-
range from 5 to 15 cal/molA In our model the use of a plicit water and lipids’*®%:°
higher surface tension value would also drive the melittin ~ Figure 14 shows the backbone root mean square devia-
position much closer to the membrane centdata not tion (bRMSD) and thez component of the center of mass
shown), but the choice of a high surface tension value wouldover 7 ns of molecular dynamics simulation of bacterior-
lead to larger deviations for the amino acid side chain teshodopsin with our implicit membrane HDGB model. We de-
systems described above. fined the transmembran@M) residues as residues whose

As mentioned above, we also performed a simulation ofC, atoms were at the beginning of the simulatitF0)
melittin with a corrected nonpolar contribution as shown inwithin the low-dielectric continuums, that is, the inner two
Fig. 10. In this case, the trajectory of tzecomponent of slabs in Fig. 2o) (the thickness of 30 A.The HDGB simu-
geometrical center over 4 ns of MD simulation is located onlation of bacteriorhodopsin that was started from the experi-
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mental structure remained stable throughout the simulatiorkcsA channel® In these cases, explicit solvent molecules
The bRMSD of the mean structure computed from 2 to 7 nsvould have to be added in the channel region, which is fea-
was found to be 1.26 A0.92 A for the transmembrane resi- sible, but introduces additional technical challenges.

dues and 1.68 A for non-TM residueThe average com- Many issues remain to be addressed in future develop-
ponent of the center of the mass was -1.51 A. The totainents of our new implicit membrane model. As mentioned
bRMSD of the mean structure from our simulation is com-above, the change of the effectively excluded molecular vol-
parable to the range of mean-structure bRMSD from 1.09 Aume upon membrane insertion needs to be investigated in
to 1.54 A of the 5 ns explicit MD simulation of bacterio- more detail. Another important issue is the choice of appro-
rhodopsin trimeP® while a 200 ps MD simulation with the priate values for the friction coefficients used in Langevin
empirical solvent-exclusion model of Lazaridis gave a totalmolecular dynamics. In this study, we assumed the same fric-
bRMSD of 2.96 A. We note that the retinal was not includedtion coefficients inside and outside of membranes. Recently,
in the simulation performed by Lazaridis, which may explainthe separation of the nonpolar interaction term into two dis-
the larger deviation from the experimental structure. Thesdinct terms, a solute-solvent van der Waals term and a cavity
results suggest that our new formalism is well suited for theormation term, was shown to be important in modeling en-
study of integral-membrane proteins. ergetics of proteiné‘?’28 This may contribute significantly to
results of simulations of transmembrane proteins and we are
planning to test these ideas in the context of our membrane
model as well.

The excellent agreement between our HDGB model ang ~ Overall, our new implicit model for biological mem-

PB theory (Fig. 7) demonstrates that the idea of using anPranes appears to capture the salient features of such sys-
apparent dielectric constant profile may be used successfulfMs: The development of implicit models for membranes is
for assigning a local dielectric constant to each solute atorff*otivated by the possibility to perform MD simulations of

in a heterogeneous dielectric environment and for computin¢?"9€-Size transmembrane proteins that are not feasible by
effective atomic Born radii according to EG). This scheme ~conventional explicit MD simulations. We have demon-
effectively implements for the first time a heterogeneous diStrated the applicability of our implicit membrane HDGB
electric environment within the generalized Born formalism,M0del to the simulation of membrane-bound peptides and

leading to a more realistic yet efficient model of biological Nt€gral membrane proteins by showing the stability of mo-
membranes. The dielectric constant profiles used here a}gcular dynamics simulations of melittin and bacteriorhodop-

based on the three-dielectric model of the membrane-watet'"-
environment. Our partitioning of biological membrane is
based on .diele.ctric profile data obta!ned by gxplicit moIecu—Vl_ CONCLUSION
lar dynamics simulation& We would like to point out, how-
ever, that there are many other possible ways of partitioning We propose a modification of the standard GB theory
the membrane-water system into layers of dielectric slabghat can be applied to the heterogeneous dielectric environ-
An arbitrary modification to a different partitioning scheme ment generated by lipid membrane and water. The
of the membrane-water systefhoth in terms of dielectric membrane-water system was described as a layer of dielec-
constants and widths of continuum slabsstraightforward, tric continua of three distinct dielectric constarisydrocar-
and not limited in any way by the new scheme proposedon interior, ester group region, and high dielectric region
here. This leaves the exact choice of the dielectric profile ahe apparent dielectric constant profile was introduced for
a tunable feature of an implicit membrane model, which carcalculating the effective atomic Born radii in such a multidi-
be adjusted to match experimental data in future studies. Welectric environment. The proposed modification was suc-
note that a two-dielectric model of biological membranes, agessful in predicting the electrostatic contribution of solva-
used in previous efforts, appears to be a poor approximatiotion free energy of the M2 channel-lining segment from
(see Fig. 3 Existing schemé&&2>?’are also limited by the nicotinic acetylcholine receptors with a relative error of
fact that they require that the membrane and the solute cavit§.17% compared to the exact finite-difference solution of the
have the same dielectric constant in order to arrive at a twoPoisson equation. Langevin molecular dynamics simulations
dielectric representation. of melittin and bacteriorhodopsin were stable over the entire
Although our membrane GB model provides a flexible simulation time of 10 ns and 7 ns, respectively. In melittin
scheme of describing biological membranes, the model stilsimulations the location of center of melittin along the mem-
lacks some important features such as the surface chardeane normal remained in excellent agreement with the ex-
distribution of the head group region and dynamic modulaperimentally determined distribution, especially when an em-
tions of membrane surfaces, which are foundvivo. The  pirical surface tension parameter of 15 cal/méias used.
effect of the surface charge distribution, for example, is im-The solvation free energy profile of a water molecule, how-
portant in aggregation g8-amyloid peptides on membrane ever, shows that care must be taken to apply our model to a
surface’” However, in principle, it is possible to include such small molecule such as water since the effect of the molecu-
effects with an implicit inclusion of salt effects based onlar volume change from bulk water region to lipid membrane
Debye—Huckel theor{ﬁ We also point out that our implicit on the transfer solvation energy may not be negligible. When
membrane GB model cannot be applied directly to transthe effect of volume change was taken care appropriately, the
membrane proteins with channels such alametfficor  transfer free energy of the amino acid side chain analogs

V. DISCUSSIONS
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predicted by our model qualitatively agrees with the experi-3o(2000-

mental result of the transfer free energy from cyclohexane tq,

R. Constanciel and R. Contreras, Theor. Chim. A6t 1 (1984.
D. Bashford and D. A. Case, Annu. Rev. Phys. Chéih, 129 (2000.

water. We plan to investigate the extent of the change inz, Onufriev, D. A. Case, and D. Bashford, J. Comput. Chets, 1297
excluded molecular volume between water and membrane(2o02.

phases to address this issue in a future study.
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