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Self-consistent-field modeling of complex molecules with united atom
detail in inhomogeneous systems. Cyclic and branched foreign molecules
in dimyristoylphosphatidylcholine membranes

L. A. Meijer, F. A. M. Leermakers,® and J. Lyklema
Laboratory of Physical Chemistry and Colloid Science, Wageningen Agricultural University,
Dreijenplein 6, 6703 HB Wageningen, The Netherlands

(Received 6 April 1998; accepted 6 January 1999

We have developed a detailed self-consistent-field model for studying complex molecules in
inhomogeneous systems, in which all the molecules are represented in a detailed united atom
description. The theory is in the spirit of the approach developed by Scheutjens and co-workers for
polymers at interfaces and self-assembly of surfactants and lipids into association colloids. It is
applied to lipid membranes composed of dimyristoylphosphatidylch@&PC). In particular, we

looked at the incorporation of linear, branched, and cyclic molecules into the lipid bilayers being in
the liquid phase. Detailed information on the properties of both the lipids and the additives is
presented. For the classes of linear and branched alcohols and phenol derivatives we find good
correspondence between calculated partition coefficients for DMPC membranes and experimental
data on egg-yolk PC. The calculated partitioning of molecules of isomers, containing a benzene
ring, two charged group®ne positive and one negatjvand 16 hydrocarbon segments, into DMPC
membranes showed variations of the partition coefficient by a factor of 10 depending on the
molecular architecture. For zwitterionic additives we find that it is much more difficult to bring the
positive charge into the membrane core than the negative one. This result can be rationalized from
information on the electrostatic potential profile of the bare membrane, being positive in both the
core and on the membrane surface but negative near the position of the phosphate groups. For
several tetrahydroxy naftalenes we found that, although the partition coefficient is barely influenced,
the average orientation and position of the molecule inside the membrane is strongly dependent on
the distribution of the hydroxyl groups on the naphthalene rings. The orientation changes from one
where the additive spans the membrane when the hydroxyls are positiof2@® @7 positions, to

an orientation with the rings parallel to the membrane surface and located near the head group—
hydrophobic core interface for the hydroxyls at {1€3,5,7 positions. We propose that, when our
model is used in combination with octanol/water partitioning data, a very accurate prediction is
possible of the affinity of complex molecules for lipid membranes. 1899 American Institute of
Physics[S0021-960809)51413-X

I. INTRODUCTION can consider various types of additives, such as other
(phospholipids, ions, or biologically active molecules, e.g.,
Biomembranes are composed of a large number oformones or manmade drugs.
constituents. Phospholipids are essential components of it.  For the latter two classes of “foreign” molecules a pa-
These molecules consist of a glycerol backbone onto whickameter of special interest is the partition coefficient. This
two apolar tails, 12 to 24 carbon atoms long, and a polaguantity is defined as the ratio between the concentration of
head group are attached. The head group contains a phag-foreign molecule in the membrane phase and that in the
phate group esterified to the glycerol and often some othefater phase. The partitioning of the above-mentioned mol-
polar group like choline, ethanol amine, or glycerol. Stableecules in the membrane matrix is important because it plays
model membranes are formed when one single type of lipic role in the working mechanism of the drug or hormone. For
is added to water. For this reason it is attractive to start Wit%xamp]e, the pa_ssive transport through the membrane is ob-
such a highly simplified system to model membrahes. viously strongly dependent on this partition coefficient. If the
The next step in the modeling of biomembranes is tayorking site of a drug is known, one can propose an optimal
study the effect of adding foreign molecules to the phosphopartition coefficient for such a drug. If one could predict
lipid matrix. By doing this, one can systematically study bothpaytition coefficients from molecular details one would speed
the influence of the additives on the bilayer structure and th«glp the search for new drugs enormously. It is this ultimate
position, orientation, and partition of these molecules. O”"goal that has motivated us to perform the present study.
Well-controlled experiments on lipid bilayer systems are
dElectronic mail: frans@fenk.wau.nl certainly not easy and the interpretation of the data is facili-
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tated when good theories are available. In fact, the modelingy way of Flory—Hugginsy parameters. These interactions
per seis a useful alternative approach to obtain insight intoallow the lipids to self-assemble in a given geometry. Apart
the structure of lipid membranes. Theoretical modeling isfrom the lattice geometry, nothing is assumed about the seg-
nowadays possible with the help of fast computers. ment position or orientation.

Surprisingly little work has been done in recent years on  Several years ago, simplified model membranes were in-
the theoretical modeling Of additives in I|p|d bilayer mem- Vestigated with this theory_lgAnhough the molecu|ar rep_
branes. Due to the complexity of membranes, there is stillesentation was rather crude, the main features of the tail
much progress to be made on this subject. There are a fepgion, i.e., the large degree of disorder and the fact that the
theoretical techniques that have been applied with reaso”abé%gments closest to the hydrophobic—hydrophilic “inter-
success. Molecular dynami@ID) simulations on the inter- ¢ e iy the Jipid molecules have the most narrow distribu-

actions between the lipid matrix and additiv€Sare prob- tion, were reproduced, in line with MD predictions. In order

gbly the mo_st .d.EtaHEd’ but are Computa_\tlonally extremely{o relate to experiments, calculations were done on adsorbed
intensive. Significantly more coarse grained Monte Carlo

(MC) simulations are due to Mouritseet al’~° Here the phospholipid monolayers with a more realistic molecular

. ; ) , .descriptior?® It was found that the zwitterionic nature of
bilayer membrane is modeled as a two-dimensional sea i

which the molecules can have several states. With stateBMPC gives rise to a profile in the electrostatic potential,

dependent interactions they can calculate the lateral structu}%h'Ch’ In tun, causes cations to associate with the phosphate

formation. There is, however, the difficulty o, priori, de- group. The association is stronger, the higher is the valence

termining the various states and corresponding interaction@' the ions. These results were of interest in interpreting the
for a (new) molecule from its molecular structure. ion permeability measurements of monolayers deposited on a

An alternative theoretical modeling option applied to Mercury electrode, and used to conjecture that the concentra-

lipid membranes, and used in this paper, is known under thtion of ions in the head group area is a determining factor for
term self-consistent-fieldSCP theories. SCF methods are their permeability through ion channéfs?
computationally inexpensive. The method is based on the More recently, we considered the head group conforma-
reduction of the many-molecule problem to the problem oftions of (modified DMPC and DMPS membrané3The PC
one molecule in théexterna) field of mean force of all the head group appeared to have, on average, a conformation
others. In general, the external field is defined depending oparallel to the membrane surface. In line with experimental
the set of all conformations of all molecules and their inter-data* it was found that, at high salt concentrations, the cho-
actions. The potential field, in its turn, determines the statistine group distribution splits in two orientations: one closer
tical weight of the conformations that make up the completeo the hydrocarbon phase and the other closer to the water
system. The fixed point solution of this implicit set of equa- phase.
tions is referred to as the self-consistent-field solution, which  Despite these promising results, several shortcomings of
typically depends on boundary conditions and space fillingour theory remain that deserve further attention. One of these
constraints. is that, up to date, only flexible linear or branched molecules
Several groups have elaborated various approacheguld be considered. Most biologically active additives to
along these lines to describe the association of moleculegembranes have, however, some sort of rigidg) moiety
into aggregates. Some authors make use of a type of latticgs 5 part of their structure. Membranes are highly ordered
(not necessary matched to the segment)siaespecify the  gystems(although not as high as some pictorial representa-
symmetry of the aggregates, to specify the local values of thgong seem to imply and thus a considerable difference in
externc_sll fields and/or to enumerate t_he various _p035|_ble CO_T)'acking behavior is expected between flexible and rigid spe-
formations. In some cases one considers the aliphatic chau&eS in the membrane. Furthermore, the position of different

to be attached to the surface of t.he aggregate, but do n‘i’)t7pes of substituents on a ring structure is likely to be sig-
allow solvent(watep to penetrate into the aggregate. The nificant for, e.g., the partitioning

external field is mostly a pressure field that ensures that the In the following we will discuss in detail a SCF frame-

core of the aggregate has a density comparable to that of . . o
S 1014 . ! ._work to handle complex molecules with atomic detail in in-
liquid alkane. Sometimes an order-dependent field is

introduced'®>® Marcelja showed that the gel to liquid phase homogeneous systems. First we will present the partition
transition could be generated in this way. Additives in biIay-funCt'on for the system. Next we will O!'SC“SS the propagator
ers are either modeled as structureless isotropic monomefaethod to obtain the density profiles for flexible and
that mostly have no specific contact interaction with the lipidPranched chain molecules using a Rotational Isomeric State
tails, or small chain molecules of the same type of units a§RIS) scheme. We proceed by giving the details of the treat-
the tail segments. The results are, despite these approximgient of rigid structures within this propagator formalism.

included field components. be presented for the partition coefficients of linear and

The theory discussed in this paper includes not only volbranched alcohols and phenols in DMPC membranes. The
ume interactions and an anisotropic figtf a different ori- ~ positional and orientational information of additives in
gin than used by Masdja or Gruep, it also includes elec- DMPC membranes will be shown for a group of isomers
trostatic interactions and contact interactions between unlikeontaining a benzene ring with some substituents and of
segments in a Bragg—Williams approximation, parametrizedome, in various ways substituted, tetrahydroxy naftalenes.
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Finally, we will discuss the perspectives of our approach and
present our conclusions. 72
% zZ+1
Il. THEORY < ,
g % i
e
A. Preliminary considerations z-1
In a SCF theory the full membrane problem is reduced to #2

one test moleculé.e., lipid or additive in the potential field G 1 A o -~ - ot th hedral
; . 1. A two-dimensional square lattice representation of the tetrahedra
of mean force of all the other molecules. The problem Splltg(:diamond lattice used in this paper with the four directions indicaied, g

naturally into two: how to relate the potential fields to the angp).
densities and to relate the densities to the potential fields.
Both subproblems can be tackled from the approximate par-
tition function for the system. This quantity has been deriveddimensional representation the four bond directiend, g
before and can be applied to the present system as well. Hegsd h are indicated as vectors connecting segments in be-
the highlights of the derivation will be briefly reviewed and tween layersz andz— 1 (e), within a layerz (f andg) and
proper notations are introduced. We start by introducing théyetween layer andz+ 1 (h).
parameters and key approximations. By the introduction of a lattice, not only is the counting
The partition function is the sum over the probabilities of the conformations simplified, but also the geometry of the
of all sets of all conformations of all molecules in the sys-system, the length of the bonds, and the size of the segments
tem. To compute this properly, several quantities have to bare fixed. These approximations can be relaxed in various
defined. Molecules of different typdsvater, lipid, salt, ad- ways. One way to do this is to reduce the lattice spacing
ditive) are numbered=1,2,.... Each molecule of tygecon-  while keeping the segment volume constarithe assump-
sists ofN; units (segments Each unit represents an atom or tion of a fixed bond length can be partly relaxed by allowing
a group of atomge.g., CH or OH). We useA,B,..., to  certain fragments with different bond lengtitkke rigid
denote the types of segments. The segments in the moleculiags) to have their segments on off-lattice sites. However,
are referred to by ranking numbers 1,%;.,...,N; and  after the sampling of the conformations one needs to assign
linked to each other by bonds, which, in turn, are numberedhe segment to the layers and the bonds to one of the set of
1,2,..01,....Ns, whereN,; denotes the number of bonds of directions{e,f,g,H.
moleculei. In linear or branched chain¥; is one less than To give every conformation the proper statistical weight,
the number of segments; . If ring fragments are part of the the energy of each conformation in the external field is de-
molecule,N,; increases by one for every closed ring in thetermined. For a molecule in a given conformation every seg-
structure. A conformationg, is defined by the position in ment has a knowr position. Depending on the segment type
space of one segmefe.g., the first segment of the chain A of a unit, it feels the local segment potential enengy(z).
and the subsequent orientation of all bonds in the moleculeThe total potential energy of the molecule in that conforma-
Note that every configuration Is-fold degenerated, because tion is then found by the sum of the segment potential ener-
every first segment in a chain can occupy one oflitgites  gies of all segments. Then the overall probabilities to find the
in layerz segments of moleculiein conformationc on their respective
In order to keep the full set of all conformatior{s\’},  positions is related to the potential energy by a Boltzmann
from becoming infinite, the system volume is discretized. Aweighting factor. Directly linked to this probability is the
system of coordinates with spacingspans up a lattice in  number of molecules in conformationc. This quantity is
which flat layers are identified that accommodatsites of  referred to byn’.
equal volume I® each. The layers are numbered  The number of moleculesin conformationsc follows
1,2,..7,....M, with M being the total number of layers. All the partition function that is maximized with respect to every
segments are assumed to fit exactly a lattice site. Within eadh®. If n® is known, the approximatémean field partition
layer a mean-field approximation is applied as only the avfunction is available. From this all thermodynamic properties
erage occupation is recorded. The number of directions ofollow.
the bonds is also limited: only four distinct directions are
allowed for. A tetrahedral lattice is applied on which a three—B The partition function
choice propagation scheme is employed. This three-" P
dimensional lattice can be mapped onto a two-dimensional Formally the grand canonical partition function for an
square lattice, which is shown in Fig. 1. In this two- open system=({u;},M,L,T), can be written as

2o 2({nfH Q7 exp(U™ ke T)exp(Zini; /KeT)
E({umihM,LT)=E*

. . 1
E{nic}HiQi* (n)Q7* exp(UM* [kgT)exp(Zin;ur IkgT) &
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It is composed of a combinatorial fact6r, an internal

antt

canonical partition functiol@“, which takes the local bond c-1/"5,\0 -
configurations into account, the interaction enetdf§ and A Gwcg_ o P gauche
the chemical potential$u;}. The corresponding reference D% A
states for every molecul@ere we choose these to be the one H4 2
component amorphous meltare indicated by an asterisk. GEJ’B{C/& trans
The absolute temperature is denotedTbgnd Boltzmann’s [ i
constant bykg. 4= A

The interaction energy™ is split into two contributions H
with respect to the amorphous reference state of pure mol- GKJ/B\QC/ ){%I gauche
eculei. One is of short range and extends over three con- /‘abon H D

secutive layers. It is parametrized by the Flory—Huggins
parameter. The interaction parameteysg iS the  FIG. 2. Anillustration of the three possible local bond conformations in a
dimensionless-free energy involved in the exchange of a sedjnear chain. The central bond is denotedsasaindA, B, G andD are four

ment of typeA from a pureA solution with a segmer from consecutive segments. Other segments in the chain are not shown.

a pureB solution. So it is zero by definition for the exchange

of segments of the same type. The other part of the interagonsecutive segments. Such a fragment can have three local
tion energy is(especially at low ionic strengthof long  conformations: onéransand twogaucheones. In contrast to
range, extending over the whole system, and is of electrothe two gaucheones, in thetrans conformation the two
static origin. It contains the electrostatic potentla{z) that bondso—1 ando+1 are pointing in the same direction. By
can be calculated, through GauR’ law, from the density pro¥otation around the central bond the bond sequence can
file, involving the dielectric permittivity profileg,(z), and  assume these local statege Fig. 2 We denote the energy
the charge(valence profile, q(z) =S evaea(2).23?%?"In  difference for the rotation frongaucheto trans of the con-

this last equation, is the valence of segmet pa(z) the  formationg,; asu%. We note thau% can vary along the
volume fraction of that segment at positianande the el-  chain.

ementary charge. The potential in the reference state is taken The probability,\%1i, for a specific local conformation

to be zero. The total interaction energy then reads as g, is related to the Boltzmann factor, containing the internal
A A energy\9i, The proper normalization is found by the sum
unm-uyme 1 2 E 2 2 * of the Boltzmann factors of all possible local conformations
_— == Nai(z Z))— @n;i
kgT 29 %7 K B Ail2) Xnel (0s(2)) ~ ¢5i] around that bondr, {q.;}:
+> M 2 Aq(rizexp(—u%i/kBT)/ > exp(—uqfri/kBT). 3)
z 2kBT q,i
In Eq. (2), N,i(2) is the number of segments of typge For a linear chain part the probability to findgauche
that moleculei has in layerz. The angular brackets denote conformation around bonds then becomes\9si=)\%
the averaging over three consecutive layefgg(z))  =exp(— ud/kgT)/[2 expud/ksT) + 1]=1/[2+ expU®/
=30p(z—1)+35 0a(2)+ 5 e(z+1)~¢g(2) + 5 [°¢a(2)/  kgT)]. The probability to find arans conformation is simply
az]. No=1—2\%. At the chain end§oc=1 ando=N,;, re-

The internal canonical partition functio@?, takes into  spectively, for linear chainsthere is only one neighboring
account the energetic and entropic contributions that théond (¢=2 ando=N,— 1, respectively. Since all bonds
various conformations of a bond sequence can have. In thisave the same angles in a tetrahedral lattice, only one con-
term only contributions of intramolecular interaction that areformation exists which, according to Eq. 3, has a probability
not accounted for in théexternal potential fields are in- of unity.
cluded. More specifically in a linear chain, it is the energy  In a branched chain there are more then two end bonds
and entropy involved with the differergaucheand trans  for which A%i=1. Moreover, local conformations including
conformations along the chain. In general, the local confora branch point have a specific problem. We have chosen in
mations(gaucheandtrans) are defined by the relative direc- this article not to differentiate between occupancies between
tions of the bonds in the immediate vicinity of one bandt  thef andg directions(the isotropic distribution of bonds in a
is assumed that the conformation of the rest of the chain dogdane. Consequently, our calculations always represent ra-
not influence the energy concerned with this “local confor-cemic mixtures. As a result of this, the number of local con-
mation.” The local conformation around borndlis denoted formations including a branch point equals dizee Fig.
by q,; and the energy of a specific conformationudsi. For  3(a)]. Let the branch point be defined by the three boads
a given conformatiomr of a molecule, the local conformation o', andos” that come together. We focus on boadwhich
around bondr is denoted byg; . So the conformatio of  has, besidesr’ and o”, also ¢° as a neighbouring bond.
the full chain can be determined by the local conformationsThese four bond&five segmentsform the relevant fragment
{aSi),- with conformations{q,;}. These conformations can be

As an example, in a linear hydrocarbon chajp for  grouped into two sets according to their internal energy: one
1<o<N, determines the relative directions of three con-set for twogauche-gaucheconformations with a higher en-
secutive bonds and therefore the relative positions of fouergy and one set of fourans—-gaucheconformations with a
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a TABLE |. Collection of the directiona and the connecting directioa’
‘ combined with the relations af to z'.

g a (layer2) o' (layerz’) z
e h z—-1
f g

99 g f z
h e z+1

hasZ directions to choose from and the second than has only

b three alternatives left. In the same way molecules with more
bonds also haveZ degrees of rotational freedom. The natu-
,SG’ ral logarithm of the internal canonical partition function with
AN respect to the reference state now reads as

H [Zq,, exp(—ui/kgT)]

1 Cc

1 exp(— uqfri/kBT) )

: (%33

FIG. 3. Diagram(a) presents the six possible local conformations close to a

branch point with three bondshree nodg There are four separateans— — nCinl A28 )\qf,i 4
gauche(tg) and two gauche—gaucligg) conformations. Diagrarth) shows 2 2 ! H ) ( )
the only possible local bond conformation around a benth a benzene ) - ) )

ring. Here bonds® is the “outgoing” bond on segmers, . Next, the term() in the partition functionZ will be

discussed. This quantity has been derived by Leermakers and
Scheutjens?® Their result also applies to our system, even

. . ... when we adopt complex-shaped molecules:
lower energy. In calculating the probability for a specific
gauche-gauche conformation, only the energy difference iNi L
u%% is needed:\%i=exp(—ud%/kgT)/[2 expud%/kgT) I”(Q/Q*)Z_Z zc: nf In )
+4]1=112+4 exp(¥%/kgT)]=\%. The probability to
find a trans—gauche conformation then is simpl\ %=

1\, X2 2 [1-¢(2]Z) (1= ¢*(2]2")]
A similar way of reasoning applies for a segmémbde :
where four branches come togettisur node. In this case —MLE E (o1~ qol In(l GD. ) 5)

five bonds and six segments are involved in the relevant
fragment with conformationsy,;}. Now no energetic differ- ) ) " ) )
ence is made between the three bonds on the branch point N this equation ¢’ (z|z') is the fraction of maximum
(o' ,o", ™) next to bondo. So the same internal energy is bond density possible in orientatia{ starting in layerz and
assigned to all viable conformations of these five bondsend'ng in layerz’ (cf. Fig. 1 and Table)l Below we use
Therefore, the probability for each of the six local conforma-¢“ °, which is the fraction of possible bonds in orientation
tions is equal to\%i= L. Again, to simplify the calculations, a” in the bulk defined a®* *=[Z3;oP(N,;/N;)]™*.
here too an isotropic occupancy of thand g directions is The factor() takes into account the number of ways the
imposed. This has the result that molecules with a brancket of all the conformation&} can be put into the system.
point with four connecting bonds are calculated as racemitiere, not only the random mixing of the conformations, pro-
mixtures. Equatior(3) can also be applied to bonds in rigid vided every layer is filled withL segments, is considered,
fragments[see Fig. 80)]. In these fragments there is obvi- but, in addition, the entropy of placing bonds in the lattice is
ously only one local conformation allowed and thus the dedincluded. It was recognized by DiMarzio that parallel bonds
nominator of Eq(3) extends over just this one conformation located at the samecoordinate cannot block each otff&r°
and, consequently,9¢i=1 for all bonds inside the rigid unit. This notion enables one to rather accurately calculate the
We have now specified the local probability factor that isvacancy probability needed for the packing of the chains in
assignedwith Eq. (3)] to each bond in thécomplex mol-  the lattice. In effect, an anisotropic field is created that has
ecules. The product of these probabilities over all bonds for éhe property that, when it is largelue to the fact that many
moleculei in a given conformatiort can be evaluated, and bonds have a given orientatignt will force other bonds to
this quantity is subsumed iQ?/Q“*. For a trimer, the un- assume this orientation too. This cooperative behavior is re-
normalized contribution to this part of the partition function sponsible for the gel-to-liquid phase transition in bilayer
is unity. The two bonds have only one local conformationmembranes® The two terms in Eq(5) that depend on”
each. Taking into account the rotational freedom of theare the result of this anisotropic weighting of the bonds in the
whole molecule, a normalization constant??, is found. lattice.
Such a trimer can havezZ3conformations, wher& repre- We note that in Eq(5) the bond orientations” are
sents the number of different bond directions: the first bondimited to the primary orientationg”, f”, g”, andh”, as
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indicated by Fig. 1. The following procedure is adopted tothat the equilibrium number of moleculeg conformationc
place rigid structures in the system. If such a fragment of an the system can conveniently be expressed by
molecule contains units that do not exactly fit onto the lattice
layers, a representative set of conformations is sam(siee
the Appendix. A segment in a fragment that is in a given
conformation feels the external potential field of the layer in
which the center of that unit resides. In this procedure thevhereGi(z,s) is the free segment weighting factor for seg-
bonds in the ring can have other orientations than defined bjpents of moleculei in layerz. The superscript fixes thez
o"e{ef,g,h,e ,f',g',h'}. We use the ansatz that these coordinates for all the segments and the directions of the
bonds are assigned to the bond orientatidrthat is closest bonds. This free segment weighting factor is given by the
to the direction of the bond of interest. More details will be Boltzmann factor of the potential energy fieldz) and, if
given below. segment of moleculei is of type A, is given by

We return once more to E{L): The chemical potentials u'(2)
i Stl|.| need to pe discussed. In an equmbrateq system, the GA(z)zexp( T — > xas(@s(2)— @B)
chemical potentials do not depend on the spatial coordinate. B B
In the bulk phase, denoted with the superschpho gradi-
ents in the densities occur, which facilitates the computation
of these quantities. The chemical potential can be derived

from the canonical partition function for a homogeneous SYSivhere u'(2)=u"(z)—u"®, so that the segment weighting

tem and written as a function of bulk values and rGferenC'?actor is properly normalized to unity in the bulk. We return

stFa]Fehvglues onlﬂtr? Here Wi havt(:]a sllglhtly lmodnﬁe? \(erS||on, (Eelow to the consequences of the fact t@af(z) =1 in the
which IS correct even when the molecules contain CIoSeq, e Lagrange parameter in the buik® reads as

rings or another exotic internal structuisee the Appendix

N; N
n=LCA*A[] G&zs) [] NGz 0)], ®)
s=1 o=1

B VAe\If(Z)) ©

kgT

nb _ a"b
o _ uPlkgT=—1-2, In(1—¢*"®)
ILL M N B "

'kT ~=In @f’—j; EB: (@xi— Pa) Xas(Phi— ¢B) a

1
Naj‘PJb _52 > XABPAPE - (10
Nyi—NiZj—r A B
~(ZNi=Ng)In| 1+ ——=3— — /. Theu’(z) term in Eq.(9) does not depend on the seg-
I ol

ment type. It can be regarded as a hard core potential that
(6)  takes excluded volume effects into account, since it arises
) ) ) o ] from the Lagrange multipliers that satisfy the constraint that
The first term, Ing, is the ideal mixing term witkp? the o it b , -
; U d ~ [ each layer oL lattice sites is exactly filled with segments.
volume fraction of moleculé in the bulk phase. The second ¢ |ast factors in Eq8), GS(z,s), are the anisotropic bond

term in Eq.(6) accounts for the coqtact interactions betwee”weighting factors arising from the combinatorial factr
unequal segment of typegsandB with respect to the refer- They depend on the orientati¢direction of the bondo. If

ence state of a melt of pure molecules of typdenoted by  his bond starts in layer and ends in layez’ (having direc-
the asterisk. The last term in E(f) is the modified Flory—  on 47 in conformationc), it is given by

Huggins mixing term, which takes inter- and intramolecular
correlations between bonds into account. The bond correla- , 1—
tions that are included in the present theory account for the ~ Gi(z,0)=G* (2|2')= ————.
fact that a step in a certain direction cannot be blocked by 1-¢"(2]2")

one of the segments on bonds in the same direction. Next, the normalization consta@, needs to be defined.

To find the equilibrium set of conformations of the mol- £or an open system where we use the grand canonical parti-
ecules in the system, under the constraint that all lattice 1aygon function. it is

ers are exactly filled=,¢;(z)=1], we introduce Lagrange

multipliers u”(z) to define the unconstrained functiéin @
Ci = (12)

b
11

f=KgT IN(Q/Q*) +kgT In(Q°/Q")
and in this case the number of molecules of type the
(UM Unty £ (= system is fixed, i.e., a closed system where we use the ca-
( ) 2 = p) nonical partition function, it is

9.
+>, u"(z2)| L— n‘NE(2) |. 7 S
2 @)L= X niNf(2) (7) NG (N (13
Now, in the equilibrium distribution of the set of confor- In this equation,Gi(Nil):EC)\“BHSG{’(Z,S)H(,[)\qfri

mations, the derivativef/an{ equals zero for every confor- X Gf(z,0)] is the total weighting factor per lattice site of all
mationn; . After some straightforward mathematics we find the molecules of type in the system and¥,=Z,¢;(2)
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=3.n°N;/L is the total amount of moleculieper lattice site. Thez' refers toz, z—1, orz+1, depending on the bond

Below, a more convenient expression 16r(N.,) will be  direction(see Table), the prime on the segment numker
given. indicates that the ranking number of a segment next to seg-

ments defined by the chain architecture should be used. In a
linear chain this iss—1 for the preceding and+1 for the

C. The chain propagation scheme following segment. Thagf—ﬁ””// in Eq. (15) is the same as

The probability for a given chain to be in a specified 4 in Eq. (3), with the local bond conformatiog,; written

conformation is usually not really an interesting quantity tospe,c,:mce,x/lly as the three consecutive bond directiaris
know. More interesting are the density profileg that result —h Ay eqlﬂals,,“ ! the three bonds have teans
from the whole set of conformation®’}. As the partition configuration andhg; " 7" can be written as\'si. Direct
function discussed above can also be written in terms oPack- foldmg is excluded because if eithgf or o” equals
volume fraction profiles? it is attractive to use methods that A3, )\ﬁi ~F"=Y'=0. Whena"# y" anda”# B” and y"# B"
sum directly over the complete set of conformations. Therehe configuration igauche and\? ~#'~?" can be written as
are efficient propagator methods available to find the density 9+i. Applying the relations of Eq(15) recursively all end
profiles if one accepts the use of a Markov approximation. Insegment probabilities of the full chain can be calculated and
this paper a special version known as the rotational isomerifrom these the volume fraction profile follows using Eq.
state(RIS) scheme is used. In this scheme a bond can havg14). The scheme is started by realizing

four separate orientations within the latticg:=¢", f”, g”

or h” (see Fig. 1 and Table).lIn each orientatior” we Gi(z,Z{‘B)zGi(z’,1)G“"(z|z’)Gi(z,2),
distinguish two directionsg’ anda. The directione denotes . (16)
the direction from one layeg, to the previous oneg—1; f Gi(z[N;—115%)=Gi(z,N;—1)G*'(2|2')G;(z' N)).

andg denote the two separate directions within a layer fand
denotes the direction from one layer,to the next onez
+1 (cf. Fig. 1). The bondson a segment are numbered
and o, with the first bond,o;, pointing to the neighboring =EaEZGi(Z'Nﬁ)- ) . .
segment with the lower ranking number and the second one, The fractlon of maximum bond density for bondin

o, to the neighboring segment with a higher ranking num-moleculei, ¢; (z|z ), is calculated by the summation of the
ber. Below we use the notatian,, where the “1” denotes volume fractions over all appropriate orientations of the seg-
o, and the “2” a,. The volume fraction of a segmesif =~ ments on both ends of the bond. The total fraction of maxi-
moleculei with o, in directiona ando, in directiongis the ~ mum bond density as used in E¢S) and(11) is then cal-
sum over all conformations with segments in layerz and  culated by summation over the contributions of all bonds of
the bonds in these directions of the number of molecules ill molecules:

such conformations. Defining{(z, 315) 1 when the mol-

ecule in conformatiorc has segmens in layer z with its cp"‘"(zlz’)=2 > @Z?(zlz’)

bonds 1,2 in the indicated directiomsg, respectively, and i

zero otherwise we may write 1 Ni—1

5 (2, s°E)n :EZ ;2 % [@i(z,505)+¢i(Z' Slzﬁ)

L

c

The overall statistical weight to find a chain in the sys-
tem [cf. Eq. (13)] can now be calculated a&;(N;,)

Gi(Z.SfB)Gi(Z,Sg'B) + ¢i(z, 512)+(:D|(Z S )]+§D|(Z 1a)

= i(z,515)=Ci\ P (14)

Gi(2.9 o225+ iz NG + (2 NG
In Eqg. (14) the free segment weighting fact@;(z,s)
=Ga(2) if segments in moleculei is of type A, which is (17)
defined as in Eq9). The subscripts 1 and 2 on the segment
numbers denote if eitherr;, or o5, or botho; ando, are In this way every bond is counted half from one end, the

connected to the rest of the chain. The end segment weighegment with the lower ranking number, and half from the
|ng factorsG: (Z 51'8) andG: (Z Sgﬁ) are defined recurs|ve|y other end, the segment with the higher ranking number. End

as follows: segments have only one bond connected to them and there-
fore only one-half the densities of the end segments add to
Gi(z Saﬁ)zz [Gi(z’ Si"“'))\y’,’w”fﬁ”] the sum. The volume fraction of the end segments of mol-
! ol

eculei in layer z with its bond in directione, ¢;(z,15), and

' i(z,N%), are calculated through
XG*(Z|2')Gi(z,8), s>2, (159 #i(z,N7}) g

¢i(2,15)=C\“FG(z,15)

Gi(z,55%)=G;(z,5)G* (zlz)E N FY 1

=C\*G(2.19G" (2]2) X 3Gi(z'.%"),
B#+a

)], s<N;,—1. (15b (18)

o
XGi(z',sy
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@i(z,N%)=Ci\*#G{(z,N%) these extra bonds. For instance, for a system with molecules
., with some segments that possess three bonds(1Hy.be-
=C\*FGi(z,N")G* (') comes
1 aH ’
X > =Gi(z/,[N;—1]5%). ¢“(22')
B#*a 3
The propagator method for branched flexible chains is 1 o .o
slightly more involved than for linear flexible onésThe “24 by ES: Lei(z.57) +@i(Z.51 )]
only difference is at the branch point. There, not two end
segment weighting factors are connected to each other, but ,aB , B , Ba
three or more, as defined by the chain architecture: Sz % [ei(zs12 )+ 9i(Z'51 )+ @i(z,S12 )
I,.Gi(z,s%7"")

¢i(z,5153. ) =Ci\*# G (z,s)Nrs T - (19 +¢i(Z S'ﬁ “ )]+E E Z [¢i(z,57557)

The three dotd---) indicate the possibility that more
than three bonds are present on the segmeitthe bonds
connected to segmentsof moleculei are numbered from , L
o'=1,2,..N,si, whereN,; is the number of bonds on seg- +i(2 15" )+ (2 513 )11 (21
ments of moleculei.

The end segment weighting factors in Eq9) are ob-
tained again by Eq15). Only the probability for the specific
local bond conformation\%i, just near the node, can no

longer be expressed gaucheandtrans conformations. The . |
points. For systems that have molecules that contain branch

end segment weighting factor for a segmenhext to a . ith han th bond dtoi
branch point is calculated by an equation, which, in a senseﬂo'”ts with more than three bonds connected to it, @4)
as to be replaced by an equation with even more terms.

is a mix between Eqs(15) and (19). In fact, one should . h ) f th
realize that the unnormalized volume fraction of the branch We now turn our attention to the extensions of the

point[cf. Eq. (19)] is neededseveral chains are connected propagator scheme for molecules that contain rigid frag-
-Elents. Several problems arise as the bond lengths or the

but that one chain branch is not yet connected; and thi ; ,
branch is now to be propagatgtf. Eq.(15)]. In other words, ond angles are not all necessarily uniform. In these cases

the bond,, between the branch poist and the segmers segments will not automatically be situated at the center of a
next to the branch point remains to be “made.” For this, theIatt|ce layer. Since the segment potential field is, in essence,
free segment weighting factor of the segmeig multiplied a step profile we choose to let the segment feel the potential
by the anisotropic weighting factor for bondand the sum field in the layer where its center resides. This approach was
of the probabilities of finding the branch poirs,, with all also followed by several authors in the literatife!*when
bonds(c’, o, etc) but one(i.e., the oneg, that is to be they determme_the local potential for a cham conformation.
madé connected, weighted by the probability of the local The same applies to end segment weighting factors: the end

bond conformation of the newly “made” bond. Mathemati- segment is assumed to be in the layer closest to its actual
cally this is expressed as position. The contribution of a segment to the volume frac-

tion profile, on the other hand, is subdivided over the layers

+ (2,855 + <Pi(2a5'1’27§a)+ oi(Z' 515577

Here s denotes the end segments, with one baide-
fers to the ordinary segments having two bonds, sheh-
dicates the segments with three bonds conneghedbranch

Gi(z,55%)=G(z,5)G* (]Z') that it spans. We have distributed the segment volume frac-
, tion over two neighboring layers when the segment position
o mei(z’,s’g,'”) was not exactly on a lattice site. To calculate similarly the
X 2 ?\q"' Gi(z,8)Nesi =2 end segment weighting factor for a given segmgnbn a
a £ e position not at the layer center, as a combination of the end

(20) segment weighting factor for the two neighboring layers, has
- its problems. If we ignore for a moment chain stiffness as-
The sum ovely; ¥~ is over all local bond confor- pects and the anisotropic field, the end-segment weighting
mations with bondo in moleculei as the central bond that factor is the sum of the weighting factors of all conforma-
have orientation3” for bond o and orientationa” for the  tions of the piece of chain ending with the segmsmn a
other bond on segmest away from the branch poirtbond  nonlattice site position. The weight of one conformation is
o°, Fig. 3. the product of the Boltzmann factors of its constituent seg-
Branched molecules contain more that two chain endsments[Eq. (8)]. The Boltzmann factor is the exponential of
Each branch in the chain has an end unit, which, at somghe |ocal segment potential fie[dEq. (9)]. So the end seg-
point in the scheme, is the starting point of the propagatoment weighting factor is a surfover all conformationsof
scheme. These cases are obviously handled by 16y, the product(over all segmenjsof exponentials of the seg-
The fraction of maximum bond densitys,“"(z|z’), has, ment potential fields. The end segment weighting factor of a
compared to Eq(17), extra terms for every segment that hassegment not on a lattice layer should be the Joner all
an extra bond connected to it and also an extra sum overonformation$ of the product(over all segmenjsof expo-
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nentials of theaveragedsegment potential fields. To do this, To distribute the volume fraction of a segment over sev-

the whole recursive scheme should be run for every offeral layers the fraction of the segment volume of a given

lattice position of a segment in a rigid structure for everysegments in layerz is defined, depending on the conforma-

conformation. This would destroy the efficiency of the tion, q,;, of the structurek, of which s is a member. This

propagator scheme completely. Therefore we have used, adraction is denoted a$%i(z,s*), where the superscripk

first approximation, the end segment weighting factor for theselects only those conformations that have an outgoing bond

segment as if it were located at the center of the layer closestn segments in direction « (cf. Fig. 3. This fraction is

to the center of the segmert,J. calculated as if a segment had a cubic shape. So, if segment
Bond angles are not always parallel to the tetrahedra$ in structurek in conformationq,; has a positiorr, the

bonds in the lattice either. We chose a similar solution to thigraction of the segment in the layer closest to its cergris

problem as for the segmental coordinates: for every conforf%i(z, ,s)=1—|r—z/|. The fraction of the volume of the

mation of the structure each bond that has an angle with theegment in the next neighboring layer is tHer-z|. Since

lattice plane larger than 45° is considered to be in the directhe segments have the size of the lattice spacing they cannot

tion h, every bond, which angle is smaller thamd5° is  Span more than one layer and, consequerftly(z,s*) has

assumed to be in the directiom and all other bonds are only nonzero values for the above-mentioned two neighbor-

equally divided between the directiohandg (isotropic ap-  ing layers.

proximation within the layer The sum off %i(z,s*) over all conformationsy,; and all
When incorporating rigidring) structures, not only the directionsa gives the number of structure conformations rel-

directions of the bonds connecting the segments that are pagvant for the volume fraction of a segmesthat is a member

of the structure itself have to be defined, but also the direcof the structurek at layerz, N . The symbolsz ands are

tional information for the bonds of the substituent chaindropped because this number is independent of the layer

parts, linking these flexible chains to the ring, needs to beaumberz and the segment numbsiof structurek:

given. In this way we prevent direct back-folding of the flex-

ible chain onto the rigid fragment. In a Markov approxima- _ ol — .

tion the number of conformations of a flexible chain part is qui_Z. qzkl F(2,5%) = 6N 22

strongly dependent o[« (Z—1)N]. For rigid structures

the number of conformations that we include is only linear in ~ Below we will need a normalizing factor for the sum of

the number of segments and therefore we proceed by calcthese conformations,“¥. This factor is, in essence, part of

lating every conformation of the ring explicitly. What is the local bond probability for the bond on segmenh 9-i.

done for the rigid fragments resembles the calculation of thé\s a first approximation we take the energy for rotation

statistical weight of all possible local conformations of a setaround the bond-,, connecting a flexible chain to the struc-

of three consecutive bonds in the linear chain case, becauéérek, constant for all local conformatiortso gauche-trans

any three consecutive segments in the ring determine all th@nergies foio). With this ansatz the normalization factor is

other coordinates of the ring units. the inverse of the number of local conformations of structure
The various rigid structures in a molecule are denotedk corrected for the priori chance to find the outgoing bonds

with the letterk=1,2,..., which each includbl,; segments. in directiona:x“*=2/(Ng, ), where, as beforeZ represents

The local conformations of structukein moleculei are de- the number of different bond directions in the lattice.

noted asy,;. To generate the full set of conformations of a Now, to calculate the volume fractiow;(z,s7,), of this

rigid structurek, the following procedure is followetfor full segmens in structurek, we have to sum over all conforma-
details see the Appendifor eachsegmens, , a member of tions of the structure and select those that have a fraction of
the structurek. segmens in layer z with the outgoing bond on segmesin

The given relative coordinates of the structure are transdirection a. The weight of each conformation is determined
lated in such a way that segmegyt is in the origin of an by the product of the end segment weighting factors,
arbitrary continuous Euclid three-dimension@D) space G(z/ ,s;”"), of the segments’ belonging to the structure,
with a Cartesian coordinate system with unit vectors ofang the anisotropy weighting facto@®? (z'|z") for all the
lengthl. Next, two independent orthogonal vectors that deqonds o', in the structure, where’ andz” are determined
scribe the orientation of the structure are connectegito  py the position and the direction of the bond in the specific
Once these two vectors are known, six well-defined orientaggnformation. As mentioned above, if the bamtl makes an
tions of the structure are generated by rotation around thgngle with the lattice plane that is larger than @p'(z,|z,,)

origin (i.e., the position of segmesy). Thez coordinates in Wty . R
the continuous system of all segments in the structure, WhiCRecomes equal t&" (z'|2"), if the angle is betweer-45

need not be integers, are then projected into the lattice sy&nd 45° it befomegsf (z'|2"), but if the angle is smaller
tem such that segmes is exactly at the center of a given than—45°,G®(z'[2") is substituted. There is a special case
layer z. if a bond ¢’ in orientationf” or g” starts in layerz’, but

Since the segments are not always positioned at the ce@nds in another layer;". This can easily occur due to a finite
ter of a lattice layer we useas the nonintegez coordinate, angle of the bond with the lattice plane. In this case the
normalized on the lattice spacirgof the center of such a anisotropy weighting factor for that bond is averaged over
segment. The layer that is closest to the center of the seghe two layers. For example, foro’ in direction
ment at positiorr is denoted ag, . :G7(z'|2)=3G"(z'|z") + G (2| 2").
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All told, the anticipated equation reads as D. Computational aspects
Mirrorlike lattice boundary conditions ensure through
P GauR’ law the electroneutrality of the syster and pro-
ei(z.85)=Ci > (k“quk‘(Z.Sa) IT Giz .5 vide a way to eliminate the translational degrees of freedom
qki s'ek for the bilayergthe midplane of a bilayer is positioned at the
. boundary of the system by means of a suitable initial guess
x [l &~ (Z'|Z")) (23)  in the numerical solvér Rigid structures can have relative
o' ek Ui positions that span more than one lattice layer and hence can

sample coordinateg’ <0 andz’>M + 1, while having at
h bindex K in s d h h least one of their units between the layers2Z'<M. The
The subindex k in s;, denotes that segmesthas a potential felt at these coordinates follow from the reflect-

chain end connec.ted to the outgoiqg bond 1 in direction ing boundary conditions. These are realized by putting the
and that structur& is connected to this segment as well. Thefield u(l-2)=u(z) andu(M+2)=u(M+1-2) for all z

subindexqy; of the large parentheses infers that all positionsFor linear and branched chains only potentials at layers
and directions of bonds and the coordinates of the segments; 4 =M+ 1 are required for the calculations
within the brackets are determined by the conformatipns '

Obviously, if on a unit in a structure no flexible constituent is can be computed from the segment potentials and the bond
attached, it suffices to include the free segment weighting, oianting factors. Both the segment potentials and the bond

factor for this unit instead of the end segment Weighting,eighting factors can be derived from the density distribu-

factor in Eq.(23). ) _tion. The fixed point of the equations is known as the self-
The propagation step to compute the end segment distrfgjstent-field solution and is found numerically. Only

bhutio_n_gf asegmerﬁmer?ber of aﬂﬁXibli chhain partnextto 5 gqoytion that obeys the incompressibility constraint
the rigid structure is analogous to that of the segment nexttos "1 for everyz] is accepted. Typically the preci-

a brancih p0|][1t. It, |nv01!v1;3]s the calcul'atlc;]n O_f t.he unnormal-sion of the resulting potentials is better than seven significant
ized volume fraction of the segmesit in the rigid structure ;i For the lipid(and the additivea canonical partition

k, onto which the flexible chain will be connected, with the ¢ tion is evaluated, which means that the normalizing con-
outgoing bond in the direction that the p_ropagator will fol- stantC, is calculated through Eq13). For water and ions
low. Let s” denote the other segments in the structure i anyironment is considered open, hence the approach is
which the flexible chain is not connected; then the propagagrand canonical an€; follows from Eq. (12). Once the
X i . .
tor step can be written as equilibrium profiles are known we can evaluate the partition
function from which all mechanical and thermodynamic
Gi(z,sgﬂ)=Gi(Z,S)Gﬁ(Z|Z') guantities follow. _ _ _
Membranes calculated in this way have, in general, a
ki finite surface tension. The equilibrium conditions of a free-
AQuifIki 5" <'BYC.(7' <
Xqui Nt (2, 5)Gilz, 1ST) standing membrane can be deduced from the thermodynam-
ics of small systems, as pioneered by #ithnd applied by
P o ol Hall and Pethic&? From this theory it follows that the mem-
X(S,,#E[,)Ek Gi(z sy )Gl,zk G (Zz") | . brane surface tension must be balanced by entropic contribu-
Aii tions originating from translational and undulational degrees
(24) of freedom. Typically membranes are very large and thus
their translational entropy is relatively small. Furthermore,

. . biological membranes are rather stiff, so that the out-of-plane
In Eq. (24) 2" denotes the positions of the segmesits  ponging can, to a good approximation, be negletta® It

depending on the conformatiag; ando” denotes the bonds g qy1d therefore be concluded that the surface tension of

From the above it follows that the density distributions

in the fragmenk. The.factorfrk.'(z’,s’ﬂ) equals unity 'f?' lipid bilayers must vanish. In the calculation scheme this is
=z, for segments’ with outgoing bondg in structurek in  realized by changing the amount of lipid per unit surface
conformationsqy; and zero otherwise. area (@jpq) iteratively until y=0. The surface tension or

In previous sections we have shown how to calculateexcess free energy per unit area of the membrane are a func-
go""(z|z’) for linear and branched semiflexible chaifed.  tion of the density and the potential profiles as well as the
Egs.(17) and(21)]. The same quantity has to be computed inanisotropic weighting factors. The equation has been derived
the case that rigid structures are part of the molecules in theeforéd® and is without modifications applicable for the
system. In Eq(21) three terms are present, accounting forpresent system.
segments with one, two and three bonds, respectively. Seg-
ments in a rigid structure often have two or three bonds
connected to it. Consequently, they contribute to the corre—E h . fici
sponding terms in Eg21). If there are segments present in — € partition coefiicient

the rigid fragment that have more than three bonds,(Eg). The partition coefficienK; is defined as the ratio be-
has to be expanded with extra terms analogous to the case wieen the amount of additive per amount of lipid in the
branch points where four chain parts come together. membrane and the same for the additive in the water phase:

Downloaded 28 Feb 2012 to 137.224.252.10. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



6570 J. Chem. Phys., Vol. 110, No. 13, 1 April 1999 Meijer, Leermakers, and Lyklema

A @roig) TABLE Il. The parameters of the various segment types considered in this
(¢i Plipid) membrane
(25 study.

Ki(id)= ,
(i) (@i ! Pwated water

HO C O S PO N Na Cl
where the index orp indicates the species and the index in & 80 2 80 80 80 80 80 80
the parentheses the phase involved. The extension “id” re? 00 00 00 -10 -02 +1.0 +1.0 -10
fers to the ideal definition oK; to be distinguished from the H,O 00 16 00 -1.0 -10 -10 -1.0 -1.0
pragmatic definition, to be explained below. Since there are C 16 00 16 26 26 26 26 26
several ways to express the concentration of a substance, the  © 00 16 00 00 00 00 00 00
partition coefficient can be defined in as many ways. Our S -0 26 00 00 00 00 00 00

PO -10 26 0.0 0.0 0.0 0.0 0.0 0.0

measurements are set up in such a way that the partition N -10 26 00 00 00 00 00 00
coefficients are calculated as the quotient of the weight per- Na -10 26 0.0 00 00 00 00 00
cent of additive in the bulk and that in the membrane phase. cl -10 26 00 00 00 00 00 00

We assume that the specific densities of water and lipid are
equal, which allows us to calculate the partition coefficient
on the basis of volume fractions.

Experimentally, the partition coefficient can be mea-are present. The volume fraction of salt in all calculations
sured from the change in concentration of the additive in thavas fixed tops=0.002, which is comparable to a concentra-
water phase upon addition of the lipids. Thus, essentially th&on of about 50 mM.
partition coefficient of an additive with respect to the parti- A set of linear alcoholgfrom butanol up to octangl
tion coefficient of water is calculated. Note that in this way several branched alcohols with seven carbon atoms, para
K(exp) can assume a negative value if water partitions mor@lkyl-substituted phenols, and a few linear alkyldiols were
favorably into the membrane than does the additive. In thigised to compare the theoretical predictions of the model with
case one would experimenta”y measure a concentration irﬁxperimental data. For all the other additives Only theoretical
crease of the additive upon addition of the lipids. However predictions are available. We analyze the behavior of a set of
for most investigated additives; (exp) remains positive, but, isomers containing two charged groups, one segment with a
for example,K;(exp) is typically negative for small ionic Positive charge, denoted a¢", and one with a negative
species that do not complex with the head groups of th&€harge, denoted &, positioned on a alkyl chain of 16 C
lipids. units connected to a benzenelike ring with bond lengths

A problem in calculating the partition coefficient from €qual to the lattice spacirgsee Fig. 4, additive 1 and 2 for
our numerical density profiles is to define the extent of thewo examples In addition, calculations are performed for
membrane phase. The membrane boundary is hard to defiffgtrahydroxy naftalenes with the four hydroxyl groups sub-
as there is no sharp interface between bulk water and th&lituted in various ways around the ring systéeee also Fig.
membrane. We define the volume of the membrane as th# for an example Note that the letteS used as a generic
excess volume of lipids in the system, neglecting thereby th&ame for a negatively charged group should not be confused
swelling of the membrane by water or by other species. Thi®y the element sulphur, it merely is used as a unit with simi-
approach is also used in the experimental setup. The amoul@ properties as thdl but with opposite charge.
of an additive in the membrane is defined as the excess The system size was chosen large enough to prevent
amount of additives in the system plus the bulk concentratiofpilayer interaction(usually M =40 layers. The lattice spac-
times the volume of the membrane phase. Defining the exing, |, was set to 0.3 nm. The energy difference between a
cess amount with respect to the bulk solution per surface aregucheand atransstate(in a linear chain paytand between
of the membrane a8 we arrive at the following expres- the gauche-gaucheand thetrans-gauchestate(at a branch

sion for K;(th): point) was set to 1 kT, irrespective of the segment types
involved. Further segment properties were chosen, as given
(07°+ o5, ) o o in Table Il. The relative dielectric constants of all compo-
Ki(th)= axC (260 nents, except for the hydrocarbd), were taken ase,

b
Fipia - @i =80, the value found for bulk water. For hydrocarbon the
value e,=2 was chosen, corresponding to the value found
for bulk hydrocarbon fluids.

Regarding Table IlI, the contact energy between hydro-
carbon and water, reflected ){t,Hzo is the most critical pa-
rameter for membrane formation as it is the driving force for
self-assembly. The value was chosen to(agg,zo: 1.6, simi-

lar to that validated by earlier studiés2%2%and in accor-
The theory discussed above is implemented in a comdance with other estimates found in the literatifréhis
puter program calledoLIATH. The membrane, for which the value was found by comparing theoretical predictions of the
results in this paper were generated, consists of DMPC mokritical micellar concentratiofCMC) as a function of the
ecules, as shown in Fig. 4. This membrane is embedded insurfactant tail length with experimental dafawe note that
solution of monomeric isotropic molecules mimicking water, we did not introduce energetic differences betweeC in a
wherein monovalent salt ions, referred to as'Nand CI, flexible chain and C in a ring. Thg value for uncharged

In the following we will drop the extension “th,” as it
will be clear that we have used E(R6) to compute this
value.

F. Parameters
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polar segment§O) with respect to hydrocarbofC) was set N—
equal to the water—hydrocarbon value. Charged component: @
(N, Na, CI, P, S and the O from the phosphate gjoae (3_?,_0
assigned a favorablg of —1 with water to mimic their ten- /\/\/\/\/w el
dency to be solvated by water and an unfavorable one with o/ﬁ)
the hydrocarbons of-2.6 for the lack of solvation in hydro- ' \/\/\/\/Sn\/\/\n«"

2 o

carbon. The other interactions are not critical and their

S dimyristoylphosphatidylcholine (DMPC
values are kept zero for the sake of simplicity. imyristoylphosphatidyicholine ( )

The phosphate group is modeled as being composed o NN oH
five units. Since this group has a low intringié, value of 1-heptanol
<2.25%3"%8it has a net negative charge ofl at neutrapH.
This charge is assumed to be equally distributed over all five /Q\/OH
segments. Thus, effectively we put a charge-@.2 on each
of these units. 2-ethyl-1-pentanol 4-isopropylphenol

N OH

lll. RESULTS W c
)\r: 3 14-n HO
In the following a selection of results for free-standing ey I C. 94" OO oH

liquid crystalline DMPC membranes will be discussed. This 7 )

information is of importance to interpret the behavior of ad-
ditives in it. In the remainder of this section we discuss this "additive 1 additive 2 1.3,5,7-tetrahydroxynaftalene

mgmbrane perturbed by three groups of r6|atlve|y S|mple adFIG. 4. Some of the molecules considered in this study. DMPC makes up
ditives. the lipid matrix of the membranes and the other molecules are additives.

. L . . Note that the letteSis used for a unit that mimics the properties offdbut
A. Free-standing liquid crystalline DMPC bilayers has the opposite charge; it should not be confused with the element sulphur.
The first lipid membranes that were investigated several
years ago with a SCF analysis were rather primitive. The
lipids were modeled as simple molecules with two long hy-experiment&* and other theorie$**°Generally, at moder-
drophobic tails of 16 hydrocarbon segments and a hydroate salt concentrations, the outer part of the head group, the
philic head group of five structureless units. Isotropic, struccholine moiety, has a wider distribution than the phosphate
tureless monomers were used to model the wategroup, which is closer to the head group—tail interface in the
molecules’~*° The trends found for the tail region of the molecule. Moreover, it is found that, at high salt concentra-
membrane are very similar to the results found in the moderﬁons, the choline assumes a two-state distribution around the
calculations. The gel to liquid phase transition could be rePhosphatégnot shown. This is interpreted in such a way that
produced and details in the segment positions in the tail rethe head group has two preferred conformations: one with
gion have been predicted. The width of the distribution ofthe choline closer to the hydrocarbon core of the membrane
tail segments increases the further the tail units are posthan the phosphate, and one with the choline closer to the
tioned away from the head group—tail boundary in the mol-water phase. This situation was also encountered in
ecule. In line with this, it was found that then, tail is experiments’
positioned a fraction of a nm deeper into the membrane core Due to the out of plane tilting of the head groups an
than thesn, tail (see Fig. 4 With respect to the head groups €lectrostatic potential profile develogisee Fig. % with a
it was found that the maximum in their volume fraction pro- negative value in the head group region on the position of the
file was never higher than 0.3. This implied that even in thePhosphate group and a positive value in the center and on the
so-called head group region the most predominant segmentutskirts of the membrane. Due to this profile, anions and
segment contact is the hydrocarbon—water one. We note th&@tions distribute differently over the membrane phase. Both
in all these calculations the membrane surface tension wdgns are expelled from the hydrophobic core due to the bad
kept to zero at all times, as should be the case for freesolvent quality of the hydrocarbon tails of ions, but anions
standing bilayers. are less expelled than cations. This can be part of the expla-
In Fig. 5 we present the SCF prediction of the structurghation for the difference in permeability between anions and
of model membranes composed of DMPC molecules. Thé&ations through DMPC membranes.
molecular structure of DMPC is more detailed, and the head
group is bulkier as compared to the lipids considered earlierB Partition coefficients of alcohols
Again, the total head group volume fraction profile never—
exceeds the value of 0.3 for equilibrium membranes and To compare our theory with experimental results the par-
again the most frequent contacts in the head group region at#ion coefficients for linear and branched alcohols and those
the hydrocarbon—water ones. The head groups do not formfar phenols were computed according to E26) and mea-
neatly packed layer shielding the hydrocarbon tails from thesured according to the scheme explained in the experimental
aqueous environment. Upon closer inspection, the heasection; see Eq27). The results are shown in Fig. 6. There
group is found lying predominantly flat on the membraneare two main features that are striking. The first is that nearly
surface?®?® This result is in good correspondence with all points are on the diagonal, indicating that the theory pre-

OH
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FIG. 6. The comparison between the partition coefficient of our theory and
the experiments, for several groups of alcohols. Crosses: linear -1-alkanols
from low K values to high: 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol,
and 1-octanol. Plusses: branched alkanols with seven carbon atoms:
4-heptanol, 2,4-dimethyl-3-pentanol and 2-ethyl-1-pentanol; linear alkane
diols are divided into two groups 1,2-alkanols shown as diamonds: 1,2-
pentanediol, 1,2-hexanediol and 1,2-octanediol amdalcanediols shown

as triangles: 1,5-pentanediol, 1,6-hexanediol, 1,7-heptanediol, and 1,8-
octanediol. The circles are several para-substituted phenols in order of the
increasingK value: phenol, 4-ethyl; 4-isopropyl, 4-propyl and 4-tert.butyl
phenol. The additive concentration in the membrane was about 1.5 vol %.
Salt concentration and other parameters were the same as in Fig. 5. The
experimental data are unpublished results kindly provided to us by Van Lent
at Bayer AG, Leverkusen.

ently these differences are of minor importance in predicting
the partition coefficients.

The systematic underestimation of the theoretical values
for the 1n-alkanediols as compared with the experimental
ones is probably due to the fact that in the theory the mol-
ecules in homogeneous water solutions cannot develop any
specific inter- or intramolecular interactions. This means
that, for example, 1,2-pentanediol has the same activity as
1,5-pentanediol if these molecules have the same bulk con-
centration. In our model the chemical potentials of two iso-
mers with the same bulk concentration within the same over-
all bulk composition are identical. This might not be the case
in practice. There are probably specific interactions that
causes one molecule to like the water phase better than the

z other one. An indication that this is playing a role is the
difference in solubility between the two: 1,2-pentanediol has
e i s 5 o cecio oo gt rosnngs SOIUDIY of 1.3 grams per lfer while the salubiiy for
ﬁgu?gtl:?y;staill?ne DMPC mgmbrane. The director shown inpevery diagram isql"s'pentanedml IS 08 grams per liter. Therefore_ W_e conjec-
perpendicular to the membrane surface, indicating the hydrophobic corture that the predictive power of our model will increase
with its tail and the head group area with its head. The volume fraction ofwhen our theoretical predictions are combined with experi-
salt solution in the bulk is 9.002, the relative dielectric constants, vaIgncesmentm data on, eqg., octanol/wat&/W) partitioning. With
and y parameters are as in Table Il. The center of the membraneds at . . P L
o, information on O/W partitioning one can correct for activity
effects of additives in the homogeneous water phase.
It appears that, for these relatively small molecules, the
molecular architecture is not of main importance for the par-
dicts the correct value, and the second feature is the deviditioning into the membranes as long as there are no specific
tion of the 1lp-alkanediols from this diagondivhich indi-  intramolecular interactions in the water phase. The addition
cates a problem of a hydrophobic(hydrocarbon segment or a hydrophilic

The first observation is surprising sinne parameter fit  (hydroxyl) segment has a considerably larger effect than
of any kind was performed to match the experimental partibranching or the incorporation of a para-substituted benzene
tion coefficients with the theoretical ones. Moreover, our pa+ting. In a homologue series of moleculésg., n-alcohols,
rameter set is still quite crude. For instance, there is a knowthe addition of one C segment increases the partition coeffi-
difference between CHand CH groups that is not ac- cient with a factor of approximately 3. Clearly changing the
counted for in our approach. It can be concluded that appafarchitecture while keeping the overall composition constant

-0 q/e

r -0.005
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has only secondary effects on the membrane—water partition .
coefficient. 8.0 10" 1
Comparing in Fig. 6 the theory with the experiments for 5.010° 1 %

the partition coefficient in some more detail, we notice that K 4.0 10° - ;\@i
the theory underestimates K for the linear molecules more

than for the branched ones. For instance, the plus signs in

Fig. 6, representing branched alcohols with seven carbon at-

oms, are located on the diagonal, i.e., here the theory predicts 2.010° |

] \',‘:
the experimental K correctly, while the fourth crogs- \(&E(i % W
S

3.0 10° |

heptanal is located below the diagonal, indicating an under
estimation of K by the theory. Branched molecules have ] A
more CH groups than linear ones. Apparently the experi- 10 . . ' l

mental results suggest that gigroups reduce the partition
coefficient. Th_|3 can b_e because thE'I.r packing efﬁmgncy I'EIG. 7. The partition coefficient of four, nearly symmetric, isomers of the
the ordered tail region is less than optimal due to their largetlass G,N*S™ molecules, indicated by the diamond inside the structure, are
volume compared to Cjk. Another possible explanation for presented. On th& axis the positions of the substituents in the ring are

: - : indicated. The director indicates the size and direction of the memigcéne
this effect is thatXCHa‘Wate'< XcH,-waten 1€, that the CHl Fig. 5. The molecules as depicted represent schematically the average ori-

interaction with water is more favorable than the Siater  entation of the additive in the membragsze the directgmwith the positive

one. Most frequently, however, it is assumed that;CH charge close to the phosphates in the head group rémidhe 1-position in

groups are more hydrophobic. Neither the size of as Cche ring. The concentration of _the additive in the membrane phgse was
. . . . about 0.1 vol %. Salt concentration and other parameters were as in Fig. 5.

group nor the difference in solubility of GHand CH in

water are accounted for in our theory. Therefore we do not

see dramatic effects in our calculations for K on chainthe pMPC. Here the electrostatic potential is negative and
branching. _ _ ] the environment is relatively polar. When the two charges

From Fig. 6 it can be observed that the benzene ring ofre spatially separated within the molecule, and thus when
phenols increases the partition coefficient, in contradistinCine |ocal environmenin the moleculds less polar, the aver-
tion to branching. In the firsF instance we would have €X-age position of the positive charge within the membrane is
pected that the effects of a ring on K would be the same ag,cated relatively close to the center of the membrane. The
the introduction of branching, since it also introduces bo”d%egative charge has less preference for a certain position in
that cannot line up with the main director of the lipid tails. the membrane and is dragged into the membrane core if it is
On the other hand, a ring introduces one extra bond thad, the meta or para position on the ring with respect to the
receive"s an extra weighting through the bond weighting facpgsitive charge. This is not too surprising since the negative
tors G* (z|z"). This extra bond most likely causes the rela- unit meets two forces: the membrane interior has a consid-
tively high affinity of rings for the membrane phase. Uponerable positive electrostatic potential that attracts the nega-
closer inspection we observe that both in the experimentgve charge whereas the hydrophobic nature of the core
and in our theory 4-isopropyl phenol partitioned to a greatedrives the negative charge to the water phase.

extent in the membrane than thepropylphenol. The oppo- With the relative positions of the positive and the nega-
site was observed by Davit al, who measured the parti- tive charges in the molecule we can explain the differences
tioning into gel state membrangs. in the partition coefficient between the four isomers. Note

The volume fraction profiles of the additives of Fig. 6 do that this difference is as much as a factor 5, which is nearly
not contain many surprises. The carbon atoms pull several afquivalent to the effect that would be created by the addition
the OH group of the alcohols into the center of the mem-of two carbon unitgcf. Fig. 6). The fact that this difference
brane. However, the density distribution of the OH still has ais much larger than the differences in the partition coefficient
peak at the head group—tail boundary, which is more produe to structural changes in the group of alcohols discussed
nounced for molecules with longer hydrophobic tail lengths.above can have several causes. The first one is that the iso-
Here we do not show density profiles for these additivesmers of Fig. 7 are larger structural units than most flexible
instead we refer to previously published results on dodemolecules shown in Fig. 6. Second, all molecules in Fig. 7
canol, which are typicdf? are zwitterions. These molecules feel the electrostatic poten-
tial profile, which is strongly varying throughout the bilayer.
The third reason is that in a rigid structure the variations in
molecular architecture cannot easily be compensated. In flex-
ible molecules rearrangements are possible and several com-

Let us next discuss the most symmetric isomers of thg@ensation mechanisms can be envisaged. In rigid structures
C,,N*S™ molecules. In Fig. 7 the partition coefficient is this is not possible and, especially in combination with the
shown, as well as the average orientation of the molecules ifirst point, substantial consequences of chain architecture for
the membrane. The orientation of the membrane is repreK should be expected. The deeper the negative charge is
sented by the director, which was introduced in Fig. 5. Allpulled to the hydrophobic core the lower is the partition co-
isomers have the positive charge on the rim of the hydrophoefficient.
bic core of the membrane close to the phosphate groups of To learn a bit more on the influence of the position of the

C. Partition coefficients, orientations, and positions
of zwitterionic isomers
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H
K 1074 _ 2 nzea(2)
] a A=A oy (27
8.0 10° { 2 - _nea(2)
60105 N7° C Ciaa whereH is the distance in layers between the two minima in
n

the electrostatic potential profile due to the phosphates on
4.0 106 | i both sides of the bilayeH is typically about 20 Ir?lyers and is
s a good measure for theswollen membrane thickness. By
] J\iQ/\/\N restricting the averaging in E427) from —H to H we en-
e sure that the whole membrane is taken into account and pre-
vent that the bulk values do influence the average position
too much. The volume fractions occurring in EQ7) are
calculated from those conformations of the additive that had
the positive segment restricted to one didesitivez values
of the membrane. The prime op therefore indicates that
only a subset of all conformations is considered. If this re-
striction was not made, the average position would have
been zero for all segments, since both sides of the symmetri-
cal membrane contribute equallgee Ref. 19 for details
From the average positions shown for various units in
the additive(cf. Fig. 8), it can be deduced that the partition
coefficient is largely influenced by the position of the posi-
tive segment. This is at the same time the segment that has
the largest gradient in the segment potential field at its aver-
age position in the membrane. The segment potential field
can easily be deduced from Figch where the ions, being
monomeric molecules, follow the segment potential essen-
tially according to a Boltzmann factor. The positive ion,
Na', has the largest gradient between layers 4 and 8. Con-
sequently, the statistical weight of conformations of mol-
ecules with positively charged units in this region, is very
sensitive to the actual position of these units. Hence, the
FIG. 8. Diagram(a) shows the partition coefficient of two types of mol- partition coefficient Of these mOIeCL.“.eS is strongly dependent
ecules(as indicated that differ in the position of the two charges as a on the average position of the positively charged segment.
function of the position of the ring in the chain. Diagrafhg and (c) give We note that this reasoning can only apply when the
the averagedposi:ic;nsTﬁf the ihargefdthanq the ring Szgpﬁentslof atSEiL efmount of additive in the membrane is so small that it does
Isomers as depicted. e position o e ring Is moved irom close to H H :
charges(=0) fo the end ofahe hydrocarbon c%wa‘rm% 14). The amount of e.nOt influence the Ove.r?'” segment poFentlgl proﬁle;. Upon an
additive, the salt concentration, and all other parameters are the same aslficrease of the additive concentration in the bllayers the
Fig. 7. charge profile and other segment profiles can change consid-
erably and potentially influence the partition behavior. These
changes have then to be taken into accasee, e.g., Ref.
42).
positive and the negative charge in the molecule of this type The consequence of changing the average positions of
of additive, we investigated the partitioning of the following the ring segments in the membrane are shown Figs.ahd
subsets of the same type of isomers, as considered in Fig. 8(c). A few noteworthy features can be observed. First of all,
The two charges are now on the one end of the hydrocarbowe recall that the ring is symmetrical with respect to the axis
chain separated by two C segments. The ring is positioned ih—4. This symmetry is reflected in the fact that segments 2
the hydrocarbon chaifpara substitutedand its position is and 6 and segments 3 and 5 have exactly the same average
moved from close to the charges to the other end of th@ositions. We mention this as evidence for the correct imple-
chain. Two different series are calculated: one with the posimentation of the propagation method for these structures.
tive charge and one with the negative charge at the end of th&econd, at smalh, i.e., a long tail at the 4 position of the
chain. In Fig. 8 the results are summarized. In this figure weing, the normal of the plane of the ring is parallel to the
also give the molecular structure of these isomers. membrane surface. The difference in average positioas
The difference in partition coefficient upon switching in the direction perpendicular to the membrane suifade
positions of the two charges within the molecule is striking.segments 2 and 3 is close to 1 layer, which is the length of
The cause of this difference can be found by comparing Figghe bond between them. Third, the ring is pulled out more
5 and 8. In Figs. &) and §c) the average position of the  toward the water phase and the moreso with its normal par-
segments is plotted. These average positions are volurradlel to the membrane surface, when the positively charged
fraction-weighted average layers for the segment of thpe unitis closer to it, i.e., not on the end of the chflig. 8(c)]
involved and are calculated according to but rather arounch~4. Again, two opposing forces are op-

2.0 10° +——F——r—————
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nected to the ortho, meta, or para position with respect to the

6 .
K i:g}gs_ ° / positive charge. In Fig. 9, three pictorial examples of the
30108, R - // ortho-substituted chain are visualized. Their conformation
- representgor at least mimics as well as possiptée theo-
20100 X~~~ — m - retical prediction of the average conformation they assume in
the membrane; cf. Fig.(B). Note that the fat arrow is again
° the director of the membrane indicating with its tail the hy-
10° U — T drophobic core and with its head the head—group region of
or the membrane.
Q\_;‘i At n=0 the structures of all thre®, m andp) isomers
o are identical, since in this case tbem or p chain is absent
Cie (see the left molecule in Fig.) 9For this molecule the orien-
tation of the benzene ring is with the 1-6 bond almost par-
5.0

b : allel to the membrane surface. In this orientation the negative

Z 40 N segment is forced toward the middle of the hydrophobic core
) of the membrane. The normal to the plane of the ring is
80 2 6 almost parallel to the membrane surface. This can be con-
2.0 = - sif _‘/ cluded from the difference in average position between seg-
':'_;\ Rt ments 1 and 3 in the ring, which is almost 1.3 layers, while
1.0 DD il ™ o ir di ithi ing i i
s & their distance within the ring is about 1.7l is both the
00— lattice spacing and the bond length in the jing/pon in-

creasingn, the number of carbon segments attached to the

FIG. 9. Diagram(a) shows the partition coefficienk, for the ortho-(o) ortho position, the_r_mg rotates arpund its normal and simul-

meta-(m), and para{p) substituted alkyl chaisee the text for detajlas a  taneously the positive segment is drawn closer toward the

function of the position of the ring in the alkyl chain. Diagrém shows the  membrane core. The occurrence of rotation can be inferred
g b -

average positiorg, of the charged segmentd™ andS™) and the segments from the average positions of the ring segments: segments

in the ring(1-6) of the ortho-substituted ring as a function of the position of o ) A
the ring in the alkyl chain. The parameters are as in Fig. 7. The arrosnumbered 6 and 2 changepositional order, just like seg-

indicates the director of the membrafd. Fig. 5. ments numbered 5 and 3 do.
The rotation of the ring can be explained through the
tendency of hydrophobic parts of a molecule to accumulate
erative in determining the position of the ring: the positive close to the membrane center. For smak hydrophobic tail
charge is pulled electrostatically to the phosphate groupis attached to the ring between the positive and negative
whereas the apolar segments of the hydrocarbon tail prefetharged units. As this ring tends not to lay flat on the mem-
the membrane core and pull the ring to the center. Thesgane surface, it will pull at least one of the charges into the

forces cause the ring to orient itself perpendicular in the,; ;
ilayer core. Ain>10 the ring segment number 2 has only a
membrane. Fourth, when the ring is at the end of the hydro; y gseq y

. o o . “few carbon segments attached to it. Now both charges are
carbon chain the average positions of the units in the rin .
become all zero. This does not necessarily mean that the rir? ca'Fed _near the membr:_’:me surfa<_:e. We mention thz_it_ when
is lying flat in the membrane center. There are also confori'€ fing is about halfway in the chain, the average position of
mations possible that pass the center and then return. In fadfe Positive charge is located closest toward the bilayer cen-
this can be inferred from the curve for ring-segment num- ter. Clearly the shape of the logarithm of the partition coef-
ber 1 in Fig. 8b). The position of this unit drops below the ficient follows closely the average position of the positive
ones for the other ring segments for-9. This can indicate segment. It first decreases upon increasirand then fom
two things: either the ring is for these molecules almost par=10 it increases again to almost the same value asfor
allel to the membrane with a slight tilt, or several different =,
conformations perpendicular to the membrane surface, and The change in the partition coefficient of the meta- and
their mirror images exist so that the averaged positions arg, para-substituted isomers upon changingan be ex-

zero. This _Iast possibility is probably true: .. plained along similar lines. The difference with respect to the
The third subset of the same type of isomers as in F'gs(')rtho case is that the chain withsegments is located farther
7 and 8 that was investigated was designed as foll@ss g

Fig. 9. The positive and the negative unit are attached to th(I,\rom the positive segment. Consequgntly, the hyd“’ph‘,’*?'c
ring with one carbon segment as a spacer, on meta positioﬁ?gmentS are now moved from a cham_close to the positive
with respect to each other. This moiety was then moved€dgment to a chain farther away from it, and therefore the
along a chain of 14 carbon segments. One end of the chaiHrroundings of the positive charge within the molecule be-
(14—n segments long, witm between 0 and 14is con- come more polar upon increasingand its average position
nected to the ring between the positive and the negativenoves farther away from the membrane core. This increases
charge. The other end of the chdmsegments longis con- K for those molecules at large
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D. Partition coefficients, orientations, and positions 100
of tetrahydroxy naftalenes (°) 40+ K
All ring structures discussed up until now showed the 20 %0

tendency to orient themselves with the ring—normal parallel :
to the membrane surface. To find out if it is possible to have 0.0+ 80
rings oriented with the ring—normal perpendicular to the 204
membrane surface, we have investigated the partitioning and 70

orientation of some tetrahydroxy naftalenes. The orientation
of the molecules is described by the angle between two vec- , 7
tors in the molecule with the plane of the membrane. One Y OHm—r i,
vector is directed along the short axis of the molecule: from OH
unit 4 to unit 1 and the other is parallel to the long axis of the
molecule: from unit 7 to unit 2. The angle (c1—¢c,4)] is
defined as the angle of the vector between the average posi-

tions of the units 4 and 1 and the plane of the membrane, anflG. 10. The partition coefficients and the average orientation of the rings
it is calculated through of 2,3,6,7,-tetrahydroxy naphthalene, 2,3,4,5-tetrahydroxy naphthalene, and
1,3,5,7-tetrahydroxy naphthalene in a DMPC membrane. The average ori-
—  — entation is described by the two angles that the two molecular vectors make
Zc,~ Zc, with the plane of the membrane. One vector pointing from unit 4 to 1 of the
co/ (C1—Cy)= dqc—co (28)  ring[£(C,~-C,)] and the other pointing from unit 7 to[2 (C,—C,)] are
( 1 4) given. The pictorials represent the approximate average orientation with

.. . respect to the membrane, as indicated by the dirdcfoiFig. 5. The con-
Here,C, andC, are the segments on position 1 and 4 in thegjtions are the same as in Fig. 7.

structure, respectively, and(C,—C,) is the distance be-

tween the positions in the ring normalized on the lattice

spacingl. The distance between, for instance, units 1 and 4hobic core. Now, both the hydrocarbon segments and the
in a naphthalene structure id 2we have chosen the bond hydroxyl groups have relatively more unfavorable contacts
lengths to be equal to the lattice spaginghe calculation of and the ring orientation is perpendicular to the direction of
the average positions was performed by selecting only thoseost molecules in the membrane. This all leads to a lower
conformations that had the hydroxyl group on the 1 or the Joartition coefficientk than for the other two isomers men-
position on the ring to one side of the membrane. tioned above.

We present three members of the tetrahydroxy naf- We note that, in spite of their considerable orientational
talenes that differ with respect to the positions of the OHchanges, the differences in the partition coefficient between
groups over the rings. The first molecule that has been chahese molecules are still relatively small, in comparison with
sen has the OH’s positioned two by two as far apart as poshose of the zwitterionic isomers. Apparently, electrostatics
sible: 2,3,6,7-tetrahydroxy naphthalene. In this case the modominate over nonelectrostatic effects like the contact ener-
ecule is, surprisingly, oriented spanning the membranegies and the anisotropic field. The segment potential profile
Although the molecular dimensions are not really largeof the hydrocarbon or hydroxyl groups is changing much
enough to bring the hydroxyl groups in the head group areaore moderately than that of the charged segments. So the
on both sides of the membrane, they are positioned closgositions of these segment types have less influence of the
enough to the hydrocarbon—water interface so that they capartition coefficient. Electrostatics amplify the positional and
make contact with the O segments of the myrist@flthe  orientational variability in these systems as with respeét.to
DMPC) on both sides.

In the second molecule we consider the hydroxyls to beiv_ FURTHER DISCUSSION AND PERSPECTIVES
grouped to one side of the structure: 2,3,4,5-tetrahydroxy
naphthalene. As compared with the previous example, the With a limited anda priori parameter set it was shown
molecule rotated around the ring normal. The average posto be possible to calculate with an extended self-consistent-
tion (cf. the pictorial of Fig. 10 of the hydroxyl groups is, on anisotropic-field theory the partition coefficient of various
average, closer to the center of the head group region andlcohols to a surprisingly good match with experimental
hence, the whole molecule moved more toward the watedata. Although we did not account for all the molecular de-
phase. The combined effect is that the partition coefficient igails yet, we have predicted noticeable differences in parti-
somewhat higher for this isomer as compared with 2,3,6,7tion coefficients within a group of similar moleculéso-
tetrahydroxy naphthalene. merg. Therefore, these differences cannot be assigned to

For the third and last example considered, we have disaspects that were not yet included in the modeling. For in-
tributed the hydroxyl groups evenly over the molecule:stance, the difference between C&hd CH groups for the
1,3,5,7-tetrahydroxy naphthalefeee Fig. 10 Now, the av-  partitioning of 4-isopropyl phenol and @propyl phenol is
erage orientation of the molecule is changed dramaticallypf minor importance, since our prediction of this difference
with respect to the previous two examples. The moleculgs essentially correct without incorporating any structural dif-
now assumes an orientation with the plane of the rings alference between these two groups of atoms. The conforma-
most parallel to the plane of the membrane. On average, it isonal consequences of branching prevails over any chemical
located just between the head group region and the hydrddifference between the CH, GHand CH, groups.

2,3,6,7 2,3,4,5 1,3,5,7
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The theoretical results give specific detail on the causdion and orientation of the molecule in the membrane. The
of the difference in partition coefficient of related molecules.fact that these properties can be uncoupled is an interesting
It is found that in the partitioning of zwitterionic isomers into observation that in the future may help the design of new
DMPC bilayers the location of the positive charge in thedrugs.
membrane is of crucial importance for the magnitude of the  Our model assumes that all molecules behave ideally in
partition coefficient. The actual position and orientation ofa homogeneous bulk phase. We therefore suggest that our
rigid (benzengrings can be influenced by the relative posi- calculations should be combined with experimental data for
tion and the nature of substituents. Of these, positiveartitioning of additives in an octanol/water two-phase sys-
charges, positioned close to the ring in the molecule, haveem or should be accompanied by, e.g., MD simulations of
the stronger influence on the position and the orientation ofhe molecule or a set of molecules in a homogeneous aque-
the molecule in the membrane and on the partition coeffious bulk phase.
cient. Negative charges exert their influence mainly on the
partition coefficient but not so much on the orientation of
mainly hydrophobic molecules. Their segment potential pro-ACKNOW'-EDG'VIENTS

file shows hardly any gradiepts between the positions of \ye thank Bayer A.G. in Leverkusen, Federal Republic
phosphate groups on both sides of the DMPC membrangyf Germany, for making this work possible both by financial
which is the region where these molecules accumulate. Th§upport and Van Lent at Bayer AG, Leverkusen for provid-

segment potential profile for positive charges has a steepy ys with some of the experimental data.
gradient on the edge of the hydrophobic core on the inside of

the head group profile. Therefore, their position in this region

does play a role. APPENDIX: GENERATION AND DEFINITION OF THE
Details concerning the positions and the orientations offFONFORMATIONS q,; OF A RIGID STRUCTURE

the additives can give valuable information on the working

hmoiﬁg:éssmln?grmgsgrgcl?lg tﬁicst%ea mhoeilectgedse!iki Srelé\??nglr_parameters are needed: the position of one of the segments
' y help 9 and the direction of two independent vectors chosen from the

ecules and to evolve existing ones to improve their perfor- . ; .
mance coordinates of the segments in the structure. It is necessary

. . tIhat these two vectors can be chosen independently of the
In this paper we considered extremely low amounts o

way the coordinates of all the segments are presented with

additives in the membrane. In practical cases, however, g
respect to each other.

high loading is of obvious importance. Increasing the addi- It is also important that the full set of all possible con-

tive concentration in the bilayer can give rise to many Inter'formations of a rigid structure is reduced similarly to that of

gign?nteeﬁ;ggisénvgh'ggna\’:rsltofug;her:;:\élees’é'gs\}i'&n' tﬁ:CBnggggexible chains on a lattice: a finite set of conforma}tions must
approach e generated. The number of allowed conformations shc_)uld
' be comparable to that which two connected segments in a
flexible chain can have. In this way, the number of degrees
of freedom of a rigid structure is the same as that of two
We have demonstrated that it is possible to investigatgegments connected by a bond, which is, in essence, the
the incorporation of complex foreign molecules in DMPC smallest rigid structure. We chose here to use a simple cubic
membranes with a detailed self-consistent-field model. Witlgeometry to generate these conformations. In such a lattice it
a limited anda priori parameter set, we have successfullyis logical to take six orientations per segment position. These
predicted the partition coefficient of a number of linear andorientations can be described simply by two independent
branched alcohols. Our partition coefficient compares wellectors. We refer to those & andRs, , the last one being

with literature data. The Strength of our model is that prediC‘perpendicular to the first one. The six conformations are de-

tions can be made for the partitioning of even more compleXined as follows: conformatiofil), with R, in the z" direc-

additives, such as molecules that contain rigid structures. Weon conformation(2), with R, , in the z* direction, and
3 1 SkJ_ !

have studied a number Of .S'UCh. molgcgles. We find t.ha.t r'g.l%onformation(3), with the outer produd®, XR, | inthez™
structures serve as amplifiers in bringing about variation in k i

partition coefficient in a series of isomers. Frequently thediréction. The three other conformations are corresponding
rigid rings orient mainly parallel to the tails in the lipid mem- conformations parallel to the ~ direction. In Fig. 11 this
brane. Only for specially designed additives we found thé’rocedure is visualized for a benzenelike molecule.
orientation of the ring to be parallel with the membrane sur- !N the following we will first discuss how we determine
face. In general, we have observed that positively chargeH!® tWo determining vectorRs and R, for an arbitrary
units do not penetrate the hydrophobic region of the memtigid structure. The most descriptive vector for anyore or
brane as easily as do negatively charged units. This can B&ss fla} structure is the normal vectdd, of an average
rationalized considering the electrostatic potential profileplane through the coordinatess } of the segments that
through the DMPC bilayer. make up the structure. So, first this vector is calculated with
We have proven that it is possible to design isomericthe least square method according to Van Rootséfa@a
molecules that have virtually the same partition coefficient infind the vector that describes the longest dimension of the
lipid bilayers but that differ greatly with respect to the posi- structure, seen from the segmeqt the position that code-

To describe conformers of a rigid structure, only three

V. CONCLUSIONS
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a b The translated coordinates are rotated so Iﬂigtez and
P m/e\ Réklllex. Where g, e, ande, are the base vectors and
h T i B tls Re, ,A(ng ,&,) is a rotation around vecta) over the angle
2\3/4 N bet\NeenR;k andex(L(ng,ex)):
. {nd L, e L(RE e Me L(REe) L
A {rsk'Rsk!RskL} - {rsk'Rski RskL}'
2h d (A4)
; 3/4\5 The coordinatesék obtained in this way are determining
LFH\‘ |6 RU_ZT /2—3\\ the first configuration. The second configuration is obtained
b e LN by pivoting around the axis so thaR? |le, andR2 | lle,:
R1_Ll \,1 / b'e S skl
6~ 5
: 2 R, £ (Ry | €. %6, 2|7
i} o {r},RLRE, N r2 RERE}. (AB)
e f
‘ A The third configuration is generated by rotation around
; Ayl /6$ 5\ the x axis overm/2:
------ ‘7/'1\r—>a -
|2R14 ﬁ R“Sl\\Z_’o'// X 2 o2 o2 742 s s o
3\4/5 {rsk1 RskvRskL} - {rsk1Rsk1 Rski}' (A6)
o o The configurations 4—6 are found by rotation of the con-

figurations 1-3, respectively, around thaxis over an angle
FIG. 11. Par{a) shows the structure of a six-membered rieg., benzene T
Part (b) shows the molecule with the main vector attached to segment 1
(Ry) and its outer product with the normal of the pane of the molecule
(Ry,). Parts(c)—(f) show four of the six generated configurations with 1 51 pl (R&4(M 4 4 o4
segment 1 as the segment in the origin. Only the conformations ix the {rsk Rsk Rski} {rsk’RSk Rskl}’
—y plane are given. Configurations 3 and 6 are not shown since these would
be represented by a lin@ll six segments lay in the—y plane.

Rey , L ()
{r2 R R2}72Tr? RS RS (A7)
termines the conformation, first all coordinatps,)} are (13 R RgL}“W(”){rE RS RS 1.
translated over the vector of segmept(rs ), Trs, so that Kk kK
segmens is in the origin: The procedure given by Eq8A1)—(A7) is done for each
segment in the structure. In this way the number of generated
s, . conformations of a structur®{, = 6N M, whereN,; is the
{rsk} {rsk}' (AL) number of units in structurk of moleculei. Every segment

in the structure is the center of six conformations per layer.
So, the number of conformations with a segmeint layerz
or rigid structurek, q,i(z,s), is six times the number of
segments in the structure. For each conformation, onlygzthe

S ot coordinates of the members of the ring are relevant because
R/ = S Sk (A2) the x—y information is typically averaged out in a mean
S [Zgrgl’ field theory.

The normalized sum of all the positional vectors is the
vector that describes the longest dimension of the structu
seen from the segmerx,

where the sum oves, runs over all the segments in the ; The chemical potential
structure. To find the second independent vector to describe

the orientations orthogonal to this vector, simply the normal- ~ The chemical potential as given by Leermaketsa
ized outer product of this vectoR , with the normal of the ~and calculated as the derivative with respect to the number of
%

molecules of type in the system of the canonical partition
function for the homogeneous phase reads as

|19

structure is taken:

Rg XN R :
. S Mi— R b__ & * b * __ b
Sk |Rékx|\|k|' (A3) KT =In¢; 2 ; % (ai— @A) XaB(PBi— ¢B)
With these two vectors the orientation of the structure is — > [(N;=N&"®)In(1— ") — (N, — N&"*)
determined uniquely with respect to segmsin the origin. o b o

To determine the six orientations in the simple cubic lattice o
the following procedure is followed. XIn(1—ei" *)]. (A8)
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