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Effect of a Polar Environment on the Conformation of Phospholipid Head Groups Analyzed
with the Onsager Continuum Solvation Model

1. Introduction

Zwitterionic phosphoethanolamine (PE) and the correspond-
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The effect of the polarity of the environment on the conformation of the zwitterionic membrane lipid head
groups phosphoethanolamine (PE) and phosphocholine (PC) has been investigated with calculations at the
Hartree-Fock level using the 3-21G(*), 6-31G*, and 6-BG* basis sets together with the Onsager continuum
solvation model. Results suggest that in the gas phase both PE and PC adopt cyclic minimum energy
conformations, in which an ammonium bkmethyl hydrogen closely approaches one of the nonesterified
phosphate oxygens. In the case of PE, intramolecular interactions result in a proton transfer from the ammonium
group to the phosphate oxygen, which however is suppressed by a moderate increase in the polarity of the
surrounding medium. With increasing polarity of the environment, the cyclic structures of PE and PC still
remain low-energy conformers but simultaneously for both head groups an almost identical extended conformer,
typical of crystal structures, becomes increasingly favored. Already=atl0, the extended conformer of

PC is favored {2.4 kcal/mol) relative to the cyclic one, while for PE the relative energy of the extended
conformer approaches that of the cyclic one at 80. The similarity and increasing stability of the extended
PE/PC conformers in the monomeric state and the fact that this conformer is also adopted in all crystal
structures of PE/PC lipids, regardless of hydration and interaction pattern, indicate that the geometry of this
conformer is determined by energetics intrinsic to the phosphoethanolammonium backbone. In lipid aggregates
or a membrane environment the extended conformer becomes additionally stabilized by intermolecular ionic
and hydrogen bond interactions with neighboring molecules substituting for the internal interaction that in
the monomeric state constrains the zwitterionic dipole into a cyclic structure.

the significance of their asymmetric distribution for the structure
and function of biomembranes are still poorly understood. On

ing fully N-methylated phosphocholine (PC) are the most
abundant head groups of amphipathic lipid constituents of
biological membranes. Although the two head groups are

structurally and chemically closely related, the two lipid types,
phosphatidylethanolamine and phosphatidylcholine, exhibit

remarkable differences with respect to their structural properties

and their distribution in membrane bilayers. In aqueous
dispersions phosphatidylcholine forms lamellar bilayer arrange-
ments, in both the crystalline and liquid-crystalline phage,
while phosphatidylethanolamine in the liquid-crystalline state
converts into inverted hexagonal (Hstructure$ 6 and requires
the admixture of other lipids to retain a lamellar bilayer

arrangement. In plasma membranes, phosphatidylcholine is

located predominantly in the outer leaflet, while phosphatidyl-
ethanolamine is found in the inner leaflet of the bilayer only.

This asymmetric distribution is maintained by an ATP-depend-
ent protein which specifically translocates phosphatidylethanol-

amine (and phosphatidylserine) to the inside of the plasma

membrané.

Despite extensive studies in many laboratories, the specific

role of phosphatidylethanolamine and phosphatidylcholine and
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a molecular level it has been of interest to explore to what extent
PE and PC head groups differ with respect to molecular
conformation, lateral interactions, and dipole arrangements and
how these features affect the properties and topology of the
membrane surface. Pascher and co-wofkstadied these
aspects by single-crystal analyses of a number of phosphoeth-
anolamine lipids and polar constituents with different degrees
of N-methylation and hydration. A comparative analysis of 13
different PE/PC structur@sesults in the following conclusions:

(i) In all crystal structures the zwitterionic PE/PC head groups
adopt a characteristic, rather extended conformation in which
the () charged nitrogen atom is located within a narrow sector
with respect to the phosphate ester oxygen. (Figures 1 and 2,
Table 1). (ii) Surprisingly this conformation is not affected by
the number oN-methyl groups or by hydration of the phosphate
group. (iii) It is also not affected by the packing arrangement
of the P-N dipoles (P= phosphorus, N= nitrogen), although
the lateral interactions and packing pattern of theNRdipoles
show large variations and crucial differences for PE and PC
compounds.

The conformational features observed in crystal structures
are also supported by NMR studies of PE/PC lipids in aqueous
dispersions and natural membrane systérshowing that a
preferred conformation is predominant also in dynamic systems.
This indicates that the conformation of the zwitterionic phos-
phoethanolamine/phosphocholine group is determined by strong
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H1B molecules. Hence, to describe all effects, one should consider
a model with at least two neighboring head groups located in a
continuum with the dielectric constant of water. Since such an
investigation was not feasible, we have used a more simplified
model in which effects 2 and 3 were covered by a continuum
description with a dielectric constant typical for the interface
region of membrane bilayers. By this simplification the
description of the conformation of the polar head groups
becomes a computationally accessible problem even though
( some of the conclusions drawn from this description have to
o14 H11A H11B be considered with care.

2. Methods and Notations

Computational Methods. All calculations were done with
the Gaussian 90/9222and COLOGNE9#* ab initio packages
at the Hartree-Fock (HF) level of theory. Three basis sets of
DZ+P quality were used, namely, the 3-21G%)?7 6-31G*28-31
and 6-31-G*28-32 hasis sets of Pople and co-workers.
Geometry optimizations for molecules in the gas phase were
carried out without any constraints. Conformers in the crystal
state were modeled by freezing the conformation in question,
i.e. its dihedral angles as determined by the X-ray structural
analysis, and then optimizing all remaining geometrical param-
eters such as bond lengths and bond angles. All conformations
discussed in this work were optimized to obtain comparable

02(C1 011 P 012) energies. In some cases metr timizations were r ted
05011 P 012 C11) gies. , geometry op ations were repeate
ag(P 012 C11 C12) to consider solvent effects on geometry and conformation
5(012 C11 C12N) dependence on the polarity of the surroundings (see below).
Figure 1. Atom labeling and dihedral angle notation for the phos- ~ Solvent Model. For the simulation of a polar environment
phoethanolamine (PE) and phosphocholine (PC) head groups. the Onsager self-consistent reaction field (SCRF) nigdé

was used as implemented in Gaussian 92. In the Onsager

intramolecular forces. The energetics giving rise to this method, the solute molecule is placed in a spherical cavity
preferred conformation, however, is still not satisfyingly surrounded by a continuum with constant dielectric properties.
explained in quantum chemical terms. The equilibrium geometry is rather sensitive to the cavity radius

Using theoretical calculations, Pullm@n!® and Frischle- used, and therefore the cavity was recalculated after the first
dei*15earlier demonstrated that under gas-phase conditions ageometry optimization and the molecule reoptimized with the
cyclic minimum energy conformation is obtained, which will new value. The procedure was repeated until a consistent radius
change to a more extended one if hydratfoor the presence  was obtained, and this cavity radius was then kept fixed for all
of neighboring head groufsis taken into account. The conformers investigated in addition to the equilibrium confor-
experimental data show that the conformation is largely mation. Only the electrostatic effects of solvation are included
independent of the hydration state and head group packingin the Onsager model, and other forces such as cavity work,
patterns, i.e. that not specific interactions with neighboring dispersion, or exchange repulsion effects are neglected. This
molecules but rather the overall polarity of the environment is a reasonable approximation when zwitterions or strongly polar
affects the conformation of the PE/PC dipole. Recently, Woolf molecules are studied in polar solvents where the electrostatic
and Roux® using empirical force-field methods, have shown effects of solvation are expected to be predomifarithe total
that the potential energy surface of PE/PC head groups isenergy of solute and solvent, which depends on the dielectricity
significantly affected by the polarity of the surroundings. constante, is denoted asss (for a general description of

We have earlier applied quantum chemical methods in solvation energies, see refs 34 and 35). Partial atomic charges
conformational studies of the two PE head group substructures,in a polar surrounding were calculated according to the
dimethylphosphate (DMP) and 2-ammonioethanol (AME) and CHELPG charge partitioning schertfe.
shown that the gas-phase minimum energy geometries of these Bond Characteristics. To investigate bonding properties,
head group fragments correspond well to the preferred confor-a bond electron density analysis was carried out using CO-
mation observed in crystal$. In the present work we have LOGNE94. Thus, the electron density distributje(n) and the
extended our ab initio calculations to determine minimum energy energy density distributioi(r) were used for characterizing
conformations of the entire PE and PC head groups. Further-individual bonds as covalent or electrostatic according to the
more, to explore the effects of the polarity of the environment criteria given by Cremer and Kraka. For both covalent and
on the head group minimum energy conformations, we have electrostatic bonds, the atoms in question are connected by a
performed calculations according to the continuum solvation path of maximum electron density characterized by a bond
model by Onsagéei®2! It is clear that a realistic description  critical point. The energy density is negative (stabilizing) at
of the intermolecular interactions occurring in the hydrated the bond critical point in the case of a covalent bond, while it
bilayer should include three different effects, namely, (1) the is close to zero or positive (destabilizing) in the case of an
intramolecular electronic effects (determining the conformation electrostatic boné’ In the case of an electrostatic bond, energy
of the head group in the gas phase), (2) the intermolecular density and electron density at the bond critical point reveal
interactions between neighboring head groups in the bilayer, how much the electrostatic bond differs from a true covalent
and (3) the interactions between head groups and waterbond.
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Figure 2. Preferred conformations of the phosphoethanolammonium group in crystal striclimeshead groups of 12 different phosphoetha-
nolammonium compounds with varying degreeNsmethylation have been superimposed with best fit fordbehain from atom C(1) to C(11).

The shown phosphoethanolammonium groups are-ieconformers (Table 1, left column). Another 12 phosphoethanolammonium head groups
with the corresponding-a. mirror image conformation (Table 1, right column) are not shown.

TABLE 1: Preferred Conformations of Phosphoethanolamine Head Groups Observed in Crystal Structures

compound image mirror image
no. abbp chir (08} (07} o3 (o ¥} Qs abbr o (07 o3 (o ¥} Qs
1 PPE rac —94 —60 -71 157 60 PPE 94 60 71 —157 —60
2 GPE sn —174 —-81 —-81 164 55 GPE
3 GPC Cdd] sn 169 —69 —73 178 73 GPC Cdgl
4 OMPC sn OMPC —166 68 67 173 72
5 PPEM rac 174 —61 —64 —163 55 PPEM —-174 61 64 163 55
6 DMPC B sn 177 —74 —47 —150 54 DMPC A 163 62 68 143 -64
7 PPCB sn 168 —76 —59 —149 72 PPC A 156 53 70 144 77
8 DLPEM, rac —179 —65 —54 —144 96 DLPEM 179 65 54 144  —-96
9 HPC B sn 167 —69 —56 —141 69 HPC A —161 61 64 138 —69
10 GPCA sn 165 =71 —59 —138 73 GPCB —172 64 65 140 -75
11 deoxyLPC —-162 —86 —45 —-129 -89 deoxyLPC 162 86 45 129 84
12 DLPEM, rac 174 —61 —60 —125 59 DLPEM —-174 61 60 125 59
13 DLPE rac 154 —58 —66 —106 —67 DLPE —154 58 66 106 67

aTorsion angles of head groups of phospholipids and phospholipid components with varying degnaetbfylation are compiled with respect
to their ao/as torsion angles /— or +/+) and to increasing/decreasing torsion angle For notation of torsion angles and conformational
drawings see Figures 1 and 2. The table comprises racemates (rac) and natural enantiomers (sn) with respect to the configuration of the chiral
glycerol carbon atom C(2). In crystals the racemates display a packing pattern in which the head groups adopt mirror image conformers with
crystallographic centrosymmetry. The coexistence of mirror image conformers is also observed for the head groups of most of the enantiomers,
but in these cases the conformers are related by a noncrystallographic mirror symmetry (cf. compounds 6, 7, 9, 10; left and rigBy sidatedtic
names of phosphoethanolamine head groups: PPE, 1-palmaiwghycero-3-phosphoethanolamine; GP&glycero-3-phosphoethanolamine
monohydrate; GPC Cdglsnglycero-3-phosphocholine cadmium chloride trihydrate; OMPC, 1-octadecyl-2-netigyycero-3-phosphocholine
monohydrate; PPEM 1-palmitoyl+ac-glycero-3-phosph®,N-dimethylethanolamine; DMPC (AB), 1,2-dimyristoylsn-glycero-3-phosphocholine
dihydrate; PPC (A-B), 1-palmitoylsn-glycero-3-phosphocholine monohydrate; DLPEN,2-dilauroylrac-glycero-3-phosphd,N-dimethyletha-
nolamine; HPC (A-B), 1-hexadecybnglycero-3-phosphocholine chloroform solvate; GPCGH@&), sn-glycero-3-phosphocholine; deoxyLPC,
1-lauroyl-2-deoxyglycero-3-phosphocholine monohydrate; DLREM-dilauroylrac-glycero-3-phosphd-monomethylethanolamine; DLPE, 1,2-
dilauroyl+ac-glycero-3-phosphoethanolamine acetic acid.

Notations. Atom numbering and dihedral angle notations 3. Results and Discussion

are according to Sundaraling&hfcf. Figure 1). To distinguish )

different compounds and conformers, the following notation is !N Table 1, dihedral angles of a number of PE and PC
used: each molecule is first identified by the abbreviation of conformations determined in the crystal state are listed. Cal-
its systematic name, i.e. PE or PC. Further, a suffix identifies culated dihedral angles of conformations as obtained for different
the conformer with respect to the environment and geometry: basis sets are given in Table 2. Ta_ble_3 summarizes results of
“gas” refers to conformers minimized in the gas phase, “solcyc” the analysis of the electron density distribution for cases of close
(cyclic) and “solext” (extended) is used for conformers opti- contact between nonbonded atoms, while Tables 4 and 5 list

mized in a polar environment. Throughout this paper the term dihedral angles and relative energies of cyclic and extended
“extended” is used for the “noncyclic’-PN zwitterion con- conformations showing their dependence on the polarity of the
formation characteristically observed in crystal structures and €nvironment.
in structure optimizations in a polar medium (cf. Figures 2, 6, 3.1. Geometry Optimization of PE and PC Head Groups
and 7). Thus “extended” does not necessarily imply a fully in the Gas Phase. PE and PC head groups from two
antiperiplanar conformer. representative crystal structures, namedgglycero-3-phos-
Other primary suffixes, using the abbreviations of the phoethanolamine monohydrate (GFE)nd 1,2-dimyristoykn
phospholipids listed in Table 1, denote conformers with dihedral glycero-3-phosphocholine dihydrate (DMP€)vere chosen as
angles locked at values of the corresponding crystal structure.starting structures for gas-phase optimizations. Hydrogen atoms
Finally, fully optimized conformers are characterised by a were added to the crystal coordinates, and by keeping all other
secondary suffix denoting the level of theory used, e.g. HF3, parameters locked, the hydrogen positions were optimized at
HF6, and HF6- refer to the methods HF/3-21G(*), HF/6-31G*, the HF/3-21G(*) level. In the following steps, all parameters
and HF/6-31+G*, respectively. except the dihedral angles, as, o4, andas were optimized at
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TABLE 2: Dihedral Angles and Gas-Phase Energies of the less than the covalent bonding between hydrogen and oxygen

Two Crystal Conformers (PEgpe and PCovpc g) Compared in the rPE conformer. Adding polarization functions to the
to the Corresponding Gas-Phase Values of the Head Group

) ) TS
Fragments Dimethylphosphate (DMP) and Ammonioethanol hydrogeg atc_)ms, €. .reP"?‘C'”g the HF/G& basis with HF/
(AME) as Well as the Complete Zwitterionic Phospho- 6-31+G**, did not significantly change either geometry or
ethanolamine (PE) and Phosphocholine (PC) Head Groups relative energy of the rPE conformer. Finally, the influence of
conformer 0 s o as  relative energy elec_tron corr_elation on Fhe rPE_ and PE conformers was checked

A by single-point calculations using second-order Matielesset
PEore 811 -812 1638 555 0.0 (MPZ) perturbatlon theor§?2 Also with e[ectron correlation
DMPgastrs  —75.1  —75.1 —0.1 included the reaction product rPE remained the favored gas-
AME gastirs 173.3 485 -0.4 phase conformation, although the energy difference changed
PBjasurs ~ —103.0 —59.6 —95.5 74.0 —27.0 from 15.8 kcal/mol (HF/6-31G*) to 10.4 kcal/mol (MP2/6-
PEgastro —844 -656 -96.2 727 —22.2 31+G*//HF/6-31+G*) in favor of the constrained gas-phase
PEgastre- —86.5 —650 —-93.6 751 —20.9 structure P
PEasirss —99.3 —36.7 —96.2 704  —36.7 Bos o . .

B In the case of PC the cationic part is much bulkier due to the
PGowmpc s —74.0 —47.0 -150.0 54.0 0.0 threeN-methyl groups. However, the gas-phase optimization
E%asHFS _gg-g _iéi-g _ﬁ:;% 25-8 _Z-g of PC also generated a cyclic conformer (Figure 5). Because

asHF6 - . - . - . . —4., . . . A
PCoasire 797 1006 —-1181 643 46 of methyl substitution, a Btransfer reaction is not favorable

and, therefore, is not found in the gas-phase optimization. The

* Dihedral anglesy; in degrees; relative energies in kcal/mol with  gptimized cyclic conformer is stabilized by electrostatic attrac-
_the crystal con_former as re_ference point. Absolute energies are Ilstedtions between hydrogens of the choline methyl groups and the
in the Supporting Information. - . .

phosphate oxygen atoms, giving rise te'lg---O distances that

are considerably shorter than normal van der Waals contacts
(2.72 A). Such internal interactions exist also in theoR& s
crystal structure, where odémethyl hydrogen is at a distance
of 2.172 A from a nonbonded phosphate oxygen and another
hydrogen 2.161 A from the ester oxygen atom (see Figure 5).
In the crystal environment, there are also intermolecular
electrostatic interactions beside the intramolecular ones. The
transformation to the gas-phase conformation is mainly obtained
by a concerted change of two bond torsion angleschanges
from a (=) synclinal 47°) to a () anticlinal position
(—100.6), which somewhat stretches the molecule (Figure 5).
Simultaneouslyo, changes from nearly antiperiplanar (250
to a (—) anticlinal position {-118.2), by moving two hydrogen
atoms ofN-methyl groups toward the two nonbonded phosphate
oxygens. The cyclic structure is stabilized by three close

the same level of theory, and finally, all constraints were released
to allow a global optimization. For optimizations at higher
levels of theory, the conformer calculated at the lower level
was used as a starting point.

In a previous paper, we investigated the conformational
potential energy surfaces of two fragments of the PE head group,
namely, the dimethylphosphate anion (DMP) and the 2-ammo-
nioethanol cation (AME}; assuming that preferred conforma-
tional features are largely additive in molecules apart from
coupling effects between directly adjacent rotor groups. Indeed,
gas-phase optimization of the DMP and AME fragments at the
HF/6-31G* level of theory resulted in dihedral values very close
to those of the GPE crystal structure (see Table 2 and Figure
3). However, optimization of the whole PE head group leads

to a different geometry, in which the molecule adopts a cyclic ; X )
g y P y contacts ofN-methyl hydrogens interacting with phosphate

conformation. The large structural change is due to a very N - X
strong attraction between thé) charged ammonium group and ~ ©XYgens. One of these hydrogens is interacting with a nones-
terified oxygen in a similar way as in the crystal structure

a (—) charged phosphate oxygen atom (O14). In the gas phase N . A S
this strong attraction actually causes a proton of the ammonium (H15B). In the gas phase this distance is 2.063 A, which is

nitrogen to jump to the phosphate oxygen, thus converting the actually a little shorter than in the crystal structurg and 0.657
zwitterion to a neutral molecule denoted as rPE (r stands for A shorter than the sum of the van der Waals radii (2.72 A) of

reaction, see Figure 4). This'Hransfer was found at all levels ~ ©Xygen plus hydrogen. The bond analysis (Table 3) reveals
of theory investigated in this work. that this is an electrostatic attraction of the same type as found

in the rPE conformer. The other hydrogen (H13A) interacts

of the PE head group comparable with its state in crystal With both a nonbonded oxygen (O13) at 2.314 A and the
structures and aqueous environments, theNbond was locked phosphate ester oxygen (012) at 2.3_99 A, causing a slight
at a distance typical for the applied level of theory and the @Symmetry in the cyclic structure (see Figure 5). From the bond
molecule reoptimized. This procedure resulted again in a cyclic analysis it is conc_luded that the two latter interactions are of
conformation that is 15.8 kcal/mol higher in energy (HF/6- Purely electrostatic nature. Compared to the PE case the
31+G*) than the rPE structure but 20.9 kcal/mol lower than structural d]ffe_r(_ances of the P_C gas-phase and crystal conformers
the extended conformer found in the crystal. Compared to the &€ less significant, which is reflected by a smaller energy
extended PE conformer the cyclic conformer is formed mainly difference (4.6 kcal/mol, HF/6-33G*) between the two

by a 100 rotation about the 032C11 bond, changing, from conformers.

163.8 (PEgpp) to —93.6° (PEjastre, Table 2). The two cyclic 3.2. Geometry Optimizations of PE and PC with Depen-
conformers, with and without Htransfer, are rather similarin ~ dence one. Geometry optimizations of PE and PC head groups
geometry. The most significant change is thatlecreases from  in a polar environment generated two minimum energy con-

To avoid the H transfer and to retain a zwitterionic nature

—65.0 (PEgastre-, Table 2 and Figure 3) t6:36.7 (rPEgastre-, formers possessing cyclic and extended geometries, respectively,
Table 2 and Figure 4). Furthermore, the-® and H-N depending on the choice of starting geometry. When crystal
distances are 1.556 and 1.007 A ingRgrs-, While the O-H coordinates of P&e and PGwpc B are used as starting

and H-+N distances in rP&snre- become 0.966 and 1.908 A, geometries for minimizations at= 10, both structures converge
respectively. The latter is a very short distance compared to to nearly identical extended conformers (Table 4 and Figures 6
the sum of the van der Waals radiof hydrogen (1.2 A) and and 7). The only significant difference concerns dihedral angle
nitrogen (1.55 A) of 2.75 A. The bond analysis (Table 3) shows as, which differs by approximately Ftor the two compounds.
that this is more than a pure electrostatic interaction but much To achieve this similarity in the theoretical calculations, it is
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TABLE 3: Electron Density Analysis of Ring-Closing Interactions in Gas-Phase Structures of the Phosphoethanolamine (PE)
and Phosphocholine (PC) Head Groups

conformer atoms distance type of critical point p(rp) H(rp) character

A
rPEgastre- HNA, N 1.908 3,-1) 0.23 —-0.01 electrostatic
rPEgastiFe- HNA, 014 0.966 (3--1) 2.22 -3.8 covalent

B
PCyastFe- H15B, 014 2.063 (3-1) 0.15 —0.01 electrostatic
PCyastre- H13A, 013 2.314 (3+1) 0.09 0.00 electrostatic
PCyastFe- H13A, 012 2.399 (3-1) 0.09 0.01 electrostatic
P Cyastire- H13A, C13 1.075 (3+1) 2.01 —2.26 covalent

aBond data at the HF/6-31G* level of theory. Distance in A, electron density distributja(ny) in electron A3, and energy density distribution

H(ry) in hartree A3, The type of each critical point, is characterized by (rank, signature), and the character of the bond is given according to

the criteria of Cremer and Kraléa.

TABLE 4: Dihedral Angles of the Phosphoethanolamine

(PE) and Phosphocholine (PC) Head Groups Optimized a¢
= 10 Using the Onsager Solvation Model at the HF/
3-21G(*), HF/6-31G*, and HF/6-3HG* Levels of Theory?

conformer cavity radius  a, a3 oy s
A
PEsolextHF3 4.23 —61.3 -—106.8 152.4 46.7
PEsolextHFs 4.31 —-70.9 7538 1516 53.6
PEsolexttFsr 4.30 -709 —759 149.6 56.2
B
PCsolextHFs 4.64 —68.7 —62.1 —142.7 57.9
PCoolexttFs 4.73 -71.4 -75.3 1526 64.1
P CsolextHFsr 4.76 —-71.8 —75.4 152.3 67.0

a Cavity radius in A and dihedral angles in degrees.

TABLE 5: Dihedral Angles and Relative Energies at
Different Dielectric Constants for the Phosphoethanolamine
(PE) and Phosphocholine (PC) Head Groups Optimized
Using the Onsager Solvation Modél

dielectric const oy a3 oy s AEs
Extended Conformer
A PEsolextHrer
10 -71.0 759 150.0 55.9 55
20 —-69.7 —75.9 145.4 61.2 34
30 —-69.2 —75.9 143.8 63.6 2.6
40 —-68.9 —75.9 143.0 64.9 2.2
80 —-68.5 —75.9 141.9 66.9 1.6
B PCsoIextHFGA—
10 -71.8 -75.4 152.3 67.0 —23
Cyclic Conformer
A PEsoIcycHFGF
10 —-746 —57.6 —86.2 78.6
20 -73.4 575 —85.9 79.0
30 -73.0 —-574 —85.8 79.1
40 —-727 574 —85.8 79.2
80 —-724 574 —85.7 79.3
B PcsolcycHFGF
10 -735 —61.1 —1326 72.9

PEgasHF6+

aDihedral anglesy; in degreesAEs in kcal/mol with the cyclic
conformer as reference point, all data at the HF/6-Gt level of Figure 3. Crystal conformer P&-eand gas-phase minimum conforma-
theory, the cavity radius was 4.31 A (PE) and 4.76 A (PC), respectively. tions for the molecular components DRirs (dimethylphosphate),
Absolute energies are listed in the Supporting Information. AME gastirs(2-ammonioethanol), and the whole head group&¥s--
The strong attraction between the anionic and cationic parts QfRE

necessary to apply at least the HF/6-31G* level of theory. The is indicated by a dotted line. For dihedral angles see Table 2.

simpler HF/3-21(*) method generates PE and PC geometries, cyciic conformer (PGieyenrs) With stable zwitterionic
with rather different dihedral angles (Table 4). Addition of i cture. As can be seen in Table 5, the geometry of this
diffuse functions to the HF/6-31G* basis does not significantly .qnformer is largely unaffected by changes of the dielectric
affect the optimized geometry, but significantly lowers the constant. Figure 6 shows that the cyclic conformer in a polar
conformational energy. Since it is well-known that diffuse enyironment (PEieyerrer) is rather similar to the constrained
functions are necessary for a reliable description of an anionic gas-phase conformer, PEqre-, revealing a close approach of
group?>#%4%he HF/6-31+G* basis was used for all calculations  the anionic phosphate oxygen and the nitrogen-bonded hydro-
of minimum energy conformers in the presence of a polar gen. Ate = 10, the PG--HN distance is 1.593 A and increases
surrounding. with increasing polarity of the medium up to 1.633 Acat 80
When the cyclic gas-phase conformergREre is used as (water). This should be compared to the sum of the van der
the starting geometry, optimizations at differentalues generate  Waals radii of oxygen (1.52 A) and hydrogen (1.2 A), which is



Conformation of Phospholipid Head Groups J. Phys. Chem. A, Vol. 101, No. 16, 19983001

rPEgasHF6+

Figure 4. Gas-phase minimum conformation rRégre. Electrostatic
interactions (with some small covalent contribution) are indicated by
a dashed line. For dihedral angles see Table 2.

PE

solcycHF6+

PCompc B Figure 6. Optimized conformations at = 10 of the extended and
cyclic phosphoethanolammonium (PE) head groups. The strong attrac-
tion between the anionic and cationic parts offfzHre- is indicated

by a dotted line. For dihedral angles see Table 5.

66.9 (¢ = 80). The dihedrals;, andog of the phosphate group

are little or not affected by polarity changes. The relative
energies of the extended and cyclic PE conformers also depend
on the polarity of the environment. In all cases, the cyclic
conformer (PEoicycrirs) has the lower energy; however, et

80 the difference is only 1.6 kcal/mol.

In the presence of a polar surrounding the PC zwitterion also
adopts a cyclic conformation (ReycHrs-) Wwhen the gas-phase
structure is used as the starting geometry. This PC conformation
is rather compact, although the ring-closing oxygen to hydrogen
distances are 2-42.5 A, which is longer than in the gas phase,

PCasHF6+ but still shorter than the sum of the van der Waals radii
Figure 5. Crystal conformer Pgurc g and gas-phase minimum (272 A) In contrast to PE, however, the CyCliC conformer
conformation PGushre-. Short contacts in the crystal conformer are  PCsoieycrirs- IS higher in energy than the extended PC conformer,
indicated by dotted lines. Electrostatic interactions (with some small PCyyeirsr. Already ate = 10 the difference is 2.3 kcal/mol
covalent_contribution) in the ga_s-phase structure are indicatgd by @ and can be expected to be even larger in a medium with higher
gfashed line and pure electrostatic attractions by dash-dotted lines. Fordielectric constant. The preference for the extended PC

ihedral angles see Table 2. o . .
conformation is supported by high-resolution NMR spectra by

2.72 A. Onlya, of the dihedral angles is slightly affected by Hauser and co-workers, which show that the PC head group
the polarity increase, changing fron74.6* (¢ = 10) to—72.4 has a distinct preferred conformation with in the range 156
(¢ = 80), while the remaining geometry parameters are 160° andas+gauche both in solution and in lipid aggregatés.
unaffected.

The extended minimum energy conformersfmre- (Figure 4. Chemical Relevance and Conclusions
6) is more sensitive to the polarity of the medium. Dihedral
angle a4 changes from 150%0(¢ = 10) to 141.9 (e = 80), The objective of the present work was to explore the

while as turns in the opposite direction from 55.@ = 10) to energetics responsible for the striking conformational similarity
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PCsolextHF6+

Figure 8. Partial charges at= 10 for the extended phosphoethanol-
ammonium (PE) and phosphocholine (PC) head groups. For dihedral
angles see Table 5.

PCsolcycHF6+ This similarity in conformation of the PE and PC head groups
Figure 7. Optimized conformations at = 10 of the extended and  IN @ polar environment is in line with NMR data by Akutsu
cyclic phosphocholine (PC) head groups. The strong attractions between@nd Kyogoku, which also indicate that the only significant
the anionic and cationic parts of Rfg,cHre- are indicated by dotted  difference between the PE and PC head groups in aqueous
lines. For dihedral angles see Table 5. solution is a somewhat increaseg torsion in PC* The
difference in theos torsional angle was also found by Woolf
of zwitterionic head groups of phosphoethanolamine (PE) and and Roux with force-field calculations on PE and PC head
phosphocholine (PC) lipids observed in crystal structures. groups in bulk watet® From the force-field results Woolf and
Ab initio calculations show that without influence from a Roux conclude that the differenceds originates from different
polar environment, i.e. in the gas phase, the positive-chargedhydration structures around the two head groups. Our present
ammonium or choline group of the PE/PC head group interacts results, however, suggest that the geometry difference originates
intramolecularly with one of the unesterified phosphate oxygens, from properties intrinsic to the molecules since the simulations
giving rise to a cyclic minimum energy conformation, which were performed in a polar continuum and not with explicit water
differs from the preferred extended conformation observed in molecules. The calculations reveal a significant difference with
crystal structures. respect to the charge distributions at the nitrogen atom of the
Surprisingly, the PE zwitterion is found to be unstable in the PE and PC zwitterion. The partial charges are very similar for
gas phase and to convert into a neutral structure by anall corresponding atoms except for those involved in dfae
intramolecular proton transfer from the ammonium group to one dihedral angle, where the C2l bond is polarized in opposite
of the phosphate oxygens. On the other hand, a relatively low directions in the two head groups (Figure 8).
dielectric constante(= 10) is sufficient to block this H transfer. Noteworthy, the molecular dynamics study by Woolf and
Onsager calculations carried out to determine effects of the Roux suggests that the-@C—C—N bond, besides the charac-
surrounding medium on conformational stabilities show that the teristic£synclinal conformation, also adopts a remarkably high
zwitterionic, cyclic conformers of PE and PC found in the gas fraction of antiperiplanar conformation for both PE (31%) and
phase are stable conformations also in a polar environment.PC (4%). Thisus antiperiplanar conformer has so far not been
However, already in a medium of modest polarigy=t 10), a observed in crystal structur@snd although NMR data do not
second energy minimum for an extended conformer appears.rule out the existence of a minor fraction of antiperiplanar
Moreover, as the polarity of the medium increases, the confor- conformers, thexs +synclinal conformers are reported to be
mational stability of this extended conformer increases faster the overwhelmingly dominating structures in solution and
than that of the cyclic conformer. Interestingly, the geometry aqueous dispersiofd%:4”
of this extended conformer, which lies within the narrow range ~ With regard to stability of the extended versus cyclic
of observed crystal conformers, is practically identical for both conformation the Onsager solvation model shows significant
PE and PC and largely independent of the dielectric constant. differences for PE and PC. For PC, the extended conformer
Only with respect to the ©C—C—N bond (s) does PC show  has lower energy-2.4 kcal/mol) than the cyclic conformer
a 17T larger torsion angle (Table 5). already ate = 10. For PE, on the other hand, the cyclic
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conformer is energetically in preference to the extended between neighboring lipid head groups and are important
conformer over the whole polarity range. The energy difference stabilizing factors in dynamic bilayers.

between the cyclic and the extended conformer, however, is The intrinsic stability of the extended minimum energy
rather small and decreases from 5.5 kcal/mel &t 10 to only conformer of PE/PC head groups and its favorable stabilization
1.6 kcal/mol ate = 80 (cf. Table 5). in aggregated lipid phases thus can explain the predominance

The preference for the cyclic PE conformer in the monomeric Of this conformer in crystal structurésaqueous dispersions,
state reflects the strong contribution of the intramolecular @nd biomembranes.
ammonium-phosphate interaction to the stabilization of this
conformer. For ionic bonds in ammonium-phosphate com-
plexes, interaction energies in the range-89 kcal/mol have
been reporte®4? Theoretically, the increase in PO <N
distance from 2.5 A in the cyclicot5 A in the extended
conformer would reduce this interaction energy by a factor of
4. Considering this anticipated effect of charge separation, the
observed differences in conformational energy between the
cyclic and extended conformer are remarkably small. This
indicates that the extended conformation, despite the lack of
an explicit intramolecular ionic bond, is already stabilized in
the monomeric state by energetics intrinsic to the phosphoeth-
anolammonium backbone and that the transformation to the
cyclic conformation is accompanied by a considerable steric
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