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Abstract; The influence of solvent on the conformational flexibility of o-phosphorylcholine, CH;PO,CH,CH;N(CH,);*,
and of o-phosphorylethanolamine, CH;PO,~CH,CH,NH;*, model compounds for the two most common phospholipid
headgroups (PC and PE), was explored using molecular dynamics calculations based on a microscopic model with full
atomicdetails. The potential of mean force about the principal dihedral angle, O—-C~C-N, was calculated for the model
compounds in vacuum and in bulk water using the umbrella sampling technique. In vacuum, the trans conformation
is unstable and strongly disfavored with respect to the gauche conformation due to the loss of intramolecular electrostatic
interactions. In bulk water, the influence of solvent results in a stabilization of the trans conformation yielding trans/
gauche energy differences of +1.5 and +0.02 kcal/mol for the model compounds of PC and PE, respectively. This
result is in qualitative agreement with experimental NMR estimates from an analysis based on J-coupling constants
due to Akutsu and Kyogoku (Chem. Phys. Lipids 1977, 18, 285-303) and Hauser (Biochemistry 1980, 19, 366-373).
To further understand the nature of solvation effects, the dihedral potential of mean force is calculated for model
systems in which the solvent is represented, first, by a vacuum continuum dielectric constant and, second, by a small
number of explicit perimary hydration water molecules solvating the phosphate and nitrogen groups. It found empirically
that a vacuum continuum dielectric constant of 80 or the presence of 20 explicit primary waters is sufficient to stabilize
the trans conformation and reproduce qualitatively the influence of bulk solvation. This suggests that the solvent-
induced increased intramolecular conformational flexibility may be equivalently interpreted in terms of continuum
dielectric shielding or solvent structure effects by the primary hydration shell. The conformational flexibility of the
molecules is further characterized by estimating the transition rate constants between the stable conformations in bulk

solvent.

Introduction

The most common headgroups found in biological lipid
membranes are phosphorylcholine (PC) and phosphoryl-
ethanolamine (PE).! For example, in mammalian liver cells,
two-thirds of the lipids of the plasma membrane, mitochondria,
microsomes, nuclear membrane, and golgi membrane possess one
of these two headgroups.! The physical state of phospholipid
bilayer membranes, as temperature and hydration level are varied,
depends toa great extent on the properties of the polar headgroup;
for example for equal alkane chain lengths the melting temperature
of PE bilayers is higher than that of PC bilayers.! Differences
inthermodynamic behavior of PC and PE bilayers are traditionally
attributed to the differences in size and hydration properties? or
to the differences in hydrogen bonding abilities of the choline and
ammonium groups.? Relatively little is known about the hydration
of the polar heads of PC and PE lipids at the molecular level and
its influence on the physical properties of the membrane. Much
effort has been spent to relate the conformations observed in the
available crystal structures to the accessible conformations of
fully hydrated PC and PE molecules (for an overview see Hauser
etal.4or Pascheretal.’). However, theavailable crystal structures
of DLPE&? and DMPC,® which correspond to very low hydration
levels, provide little information on the properties of fully solvated
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phospholipids. The conformational flexibility and the dynamics
of the polar moiety of phospholipids have recently been shown
to be very sensitive to solvation; in bilayers, a marked change in
the deuterium quadrupolar splitting of the methylene groups in
the phosphorylcholine headgroups is detected,’ and the 71
relaxation time of the choline methyl groups changes abruptly!0
when the hydration corresponds to less than 20-22 water molecules
per lipid. Results obtained from earlier NMR work indicated
that the motionally averaged conformation of the polar headgroup
of LPPC in solution is consistent with the crystal structure and
is independent of the solvent used and of the state of aggregation,
suggesting that it is mainly determined by intramolecular forces.
Although hydration structures in the neighborhood of the polar
heads have also been examined in molecular dynamics simulations
of DLPE bilayers, a separation of intramolecular from inter-
molecular hydration effects wasnot attempted.!2!13 Thus,a major
problem in the interpretation of the experimental as well as the
theoretical results remains the separation of solvation effects on
the lipid-lipid intermolecular interactions from intramolecular
hydration effects on single headgroups.

This theoretical study is concerned with the importance of
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solvent effects on the conformational flexibility of o-phos-
phorylcholine, CH;PO,~CH,CH,N(CH3),*, and o-phosphoryl-
ethanolamine, CH,PO,CH,CH,NH,*, model compounds for
the two most common polar PC and PE headgroups. Two-
dimensional fully relaxed adiabatic potential energy surfaces were
calculated as a function of the two main dihedral angles,
P-O-C-Cand O-C~C-N, for the PC and PE model compounds
invacuum; the potential of mean force along the principal dihedral
angle, O-C-C-N, was calculated with umbrella sampling in
vacuum and in bulk water; the transition rate constants between
the stable conformers in bulk water were estimated. The
computational approach chosen here is similar to that employed
in other theoretical studies, e.g. the solvation of dimethylphos-
phate!4 and maltose, ! the association of Lennard—Jones atoms,
amides,!? and benzene,!® and the conformational equilibrium of
tertiary amides,!? n-butane,?®alanine dipeptide,2'-2* and 8-turns.?*

The calculations reveal the important role of solvent in reducing
strong intramolecular electrostatic energies. A special effort was
made to gain further insight into the nature of hydration effects
by considering simplified model systems in which the influence
of solvent was approximated by a vacuum continuum dielectric
constant and by including a small number of explicit primary
hydration water molecules solvating the P and N groups. The
resultssuggest that the solvent-induced increased intramolecular
conformational flexibility may be equivalently interpreted in terms
of continuum dielectric shielding or solvent structure effects by
the primary hydration shell. The microscopic models, potential
functions, and computational methodologies are described in the
next section. The main results are first outlined briefly and
discussed in the following section in more detail. The paper is
concluded with suggestions for further experimental and theo-
retical investigations.

Methodology

Microscopic Models and Potential Function. The two molecules
examined in the present study, o-phosphorylcholine and o-phosphoryl-
ethanolamine, hereafter referred to as o-PC and o-PE, are shown
schematically in Figure 1. The atom and dihedral labeling is based on
the convention of Sundaralingam.2’ The 0-PC and o-PE molecules are
model compounds for the polar headgroups of the two most common
phospholipids, phosphorylcholine and phosphorylethanolamine.! Both
are terminated with a methyl group where the headgroup would normally
join to the glycerol group and onto the alkane chains (carbon Cl in
Figure 1). The overall conformation and the P-to-N distance of o-PC
and o-PE are largely determined by the most important dihedral angles:
ay, P-012-C11-C12, and a5, 012-C11-C12-N. Torsions around the
remaining dihedral angles are not energetically restricted by significant
energy barriers and do not result in an important modification of the
overall shape of the molecules. All atoms areincluded in the microscopic
model, including explicitly all the hydrogens of the methyl and methylene
groups. Inthisrepresentation, one o-PC molecule contains 28 atoms and
one o-PE molecule contains 19 atoms. We used the potential function
developed recently by MacKerrell et al.26 as part of the parameter set
PARM 2227 of CHARMM?28 (see also Supplementary Material Available
below). For the sake of completeness, the partial charges and Lennard-
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Figure 1. o-Phosphorylcholine (top) and o-phosphorylethanolamine
(bottom) molecules, hereafter referred to as o-PC and o-PE, considered
in the present study. The atom and dihedral labeling is based on the
convention of Sundaralingam.2’ Using this convention, a4 is the
P-012-C11-Cl2dihedral angle and s is the O12-C11-C12-N dihedral
angle. The microscopic model used in the simulations includes all
hydrogens, but nonpolar hydrogens are not represented in this figure for
clarity of presentation.

Table 1. Nonbonded Parameters for o-PC and o-PE

atom charge (e) Rumin/2 (A) Epin (kcal/mol)

Cl -0.17 2.06 -0.080
Hl 0.09 1.32 -0.022
0Ol1 -0.55 1.77 -0.1521
P 1.50 2.15 -0.585
013 -0.80 1.70 -0.120
Ol4 -0.80 1.70 -0.120
Ol12 -0.55 1.77 -0.1521
Cll -0.08 2.175 -0.055
HI11 0.09 1.32 -0.022
Cl12 (PE) 0.13 2.175 -0.055
HI12 0.09 1.32 -0.022
N -0.30 1.85 -0.20
HNI1 0.33 0.2245 -0.046
Cl2 (PC) -0.10 2.175 -0.055
HI12 0.25 0.70 -0.046
N -0.60 1.85 -0.20
Cl3 -0.35 2.06 - -0.08
H13 0.25 0.70 -0.046

Jones parameters are given in Table 1 for all atoms of both o-PC and
o-PE. Briefly, the nonbonded parameters were developed from ab initio
calculations and free energy calculations with small model compounds.
The nonbonded parameters were first adjusted to reproduce interaction
energies and optimized geometries of a single water molecule with POy,
NH.*, and N(CH,)4* calculated at the ab initio level in a variety of
orientations; Mulliken populations were used as an initial guess for the
partial charges. The partial charges and Lennard-Jones parameters were
then refined further using molecular dynamics simulations to reproduce
the solvation free energy of these compoundsin bulk water. The potential
function has been used successfully for simulating DPPC bilayers, 2930

The influence of solvent was investigated by considering different
simulation systems. A water sphere of 18-A radius was used to calculate
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Table 2. Potential of Mean Force (kcal/mol)
o-phosphorylcholine o-phosphorylethanolamine
system dWy/g AW*y, AW*, AW*, oWy AW*, AW?, AWHy,

bulk water (MD) 1.5 1.9 0.4 38 0.02 2.1 2.1 27

bulk water (exp) 2,74 1.3

vacuum (¢ = 80) 24 2.7 0.3 3.1 0.3 2.1 1.8 2.9

20 primary waters 1.8 2.1 0.3 3.6 1.5 2.8 1.3 23

¢ Experimental value from ref 11. ® Experimental value from ref 43.

the radial distribution functions around the o-PC and 0-PE molecules.
A smaller water sphere of 13-A radius was used tocalculate the aes dihedral
potential of mean force and diffusion constant in bulk solution. The
TIP3P water model was used.3! Two types of simplified model systems
were considered: in vacuum with a continuum dielectric constant (no
explicit waters) and in reduced systems with a small number n of explicit
waters surrounding the 0-PC and o-PE molecules. Two-dimensional
a~asadiabatic potential energy surfaces and the potential of mean force
were calculated for the isolated molecules in vacuum with dielectric
constants of 1, 10, and 80. Finally, the potential of mean force was
calculated for the reduced systems with 11 and 20 primary waters (see
Table 2).

" Potential of Mean Force (PMF). The standard “umbrella samping
technique” of Torrie and Valleau3? was used to determine W(as), the
PMF along thedihedral angle a5 of the 0-PC and 0-PE molecules. Because
the present implementation differs slightly from the original formulation,32
in particular the approach to unbias and match the various windows (see
below), it is briefly summarized here for the sake of completeness (in the
following, the subscript 5 on as is omitted for clarity). In the present
investigation, harmonic window potentials wi(a) of the form
(1/2)k[a — a(i))? were used. The unbiased PMF estimate Wi(a),
extracted from the ith biased distribution (p(a)), is

W(a) = -kgT In[(p(a)),] - wla) + C; )

wherethe constant C;= kT In[ (exp[-Swi(a)])]. Tocombine the results
from different windows, it is sufficient to determine the relative value of
the constants, i.e., C; = [C;— Cy] + ... + [C3- Co] + [C2 - i) + Gy,
leaving only one arbitrary constant, Cj, to be determined. The relative
constant [C;— C;] is—ksTIn{exp[-8(wir—w;)]) 5, the frec energy difference
between the ith and jth window potential. To obtain the final unbiased
estimate of the PMF, the estimates from the different windows, W(«),
were combined by a weighted average proportional to the relative
occurrence in the biased distribution function, i.e.,

(p(a)) o
W(a) = ZW,(a)[——]
r PRI

Equation 2 results in a smooth function W{(«) over the whole range of
«, giving more weight tothe estimate of the ith window, where theenhanced
biased distribution, (p(a))(), is statistically more important. This
procedure for unbiasing and combining the windows to obtain the PMF
differs from the formulation of Torrie and Valleau based on a matching
of nearby windows3? and is similar to the method used by Haydock et
al® :

Transition Rate Constant. The isomerization rate constants were
calculated using the Kramers—Smoluchowsky approximation,34

product o o - -We -
k=174 D(a) et MBI [ do M baTyt

I Wb” Ww”ll /2
=70 2xkgT

)]

e-AWO 1ksT 3)

where AW* is the free energy of activation, Dy, is the diffusion constant
at the transition state, and Wy” and W, are the second derivative of the
potential at the barrier top and in the bottom of the well, respectively.
Thediffusion constantat the barrier top, Dy, is extracted from the Laplace
transform of the memory function, M(¢), through Einsten’s relation in
the limit of s — 0, i.e., Dy = kpT/M(s). Using a formulation due to
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Straub and Berne,!63536 the memory function at the barrier top is
calculated from a trajectory generated in the presence of a harmonic
restraining window potential, (1/2)k(a — ap)?, similar to the one used
in the PMF calculations (see above). It is assumed that the dynamics
of the restrained dihedral angle follows a generalized Langevin equation
for a harmonic oscillator in the neighborhood of the transition state,

kgT _ kT o , ' ,
EC(t) = (5a2)f° Cc@t)de- foM(t—t') C@t)de 4)

where C(¢) is the time correlation function of the velocity of the dihedral
angle and d« is the deviation of the dihedral around its average. Using
the Laplace transform to solve eq 4, it is found that

_ -L(s)(8e%) (&%)
") [s(a?) + (3at) /5] - (Ba?)(da?)

b(s) Q)

where all averages are calculated in the presence of the biasing harmonic
potential at the transition state. Finally, the classical transition state
theory rate constants (TST),37-8

k= (1/2)&)e™ T [ da M/bTy ©

were calculated for comparison.

Computational Details. A bulk solvent system was constructed from
an 18-A-radius sphere containing 725 TIP3P waters?! equilibrated at
300 K with the stochastic boundary method.?® Initial configurations
were constructed by placing the o-PC and o-PE molecules at the center
and removing the overlapping water molecules. Since the volumes of
o-PC and o-PE are approximately 218 and 164 A2, seven waters were
deleted for o-PC and six for o-PE. Langevin dynamics was used, with
stochastic frictional forces corresponding to a relaxation time of 5 ps-!
applied only to those water oxygens with distances greater than 14 A
from the center of the sphere. The nonbonded interactions were cut off
at 11.0 A with a smooth switching region of 4 A. A weak harmonic
constraint of 1 kcal/(mol-A?) was applied to the center of mass of the
0-PC/o-PE molecule to prevent large displacements within the boundary
region of the simulation system. All bonds involving hydrogen atoms
were constrained with SHAKE. %

The PMF of 0-PC and o-PE in bulk solution, Wyuy(s), and the rate
constants were calculated ina water sphere witharadiusof 13 A, Allowing
for the volume of the 0-PC/0-PE molecules, the total number of water
molecules was 253 (0-PC) and 254 (0-PE). The system was first
minimized for 5000 ABNR steps and then equilibrated for 50 ps. The
protocol for generating each production window involved a 25-ps data
collection interval, followed by 1 ps of equilibration for the next window.
For the umbrella sampling, a harmonic window potential of 0.015 kcal/
mol deg?, centered around successive values of a5, was used. To have
sufficient overlap between the neighboring biased distribution functions
of ass, the successive windows were separated by 10-deg increments. The
final unbiased PMF was determined from 36 windows using eq 2; the
360-deg periodicity and the inversion symmetry at 180° were exploited
to increase the statistical convergence. The same simulation systems
were used to calculate the value of the diffusion constant at the gauche—
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trans and cis transition states. A dihedral harmonic force constant of
0.061 kcal/ (mol-deg?) and the application of stochastic frictional forces
corresponding toa relaxation time of 20 ps-! on the water oxygens located
at distances greater than 9 A from the center of the sphere were used.?
The velocity autocorrelation function was calculated as a direct average,
from 500-ps trajectories, for the gauche—trans and the gauche—gauche
barriers. The Laplace transform was calculated numerically from the
velocity autocorrelation function using a trapezoidal rule; the discrete
sum was truncated at a maximum time of 5 ps. Because the Laplace
transform of the velocity autocorrelation function and the inverse of the
memory function in eq 5 become progressively more inaccurate as s tends
t0 0, the value of D was obtained by performing a linear fit to D(s) for
moderate s values and extrapolating to small values of s.

The PMF of 0-PC and 0-PE was also calculated for two types of
simplified model systems, i.e., in vacuum with a continuum dielectric
constant ¢ and in reduced systems with a small number n of explicit
waters, hereafter referred to as Weac(as; €) and Wirim(as; 1), respectively.
The protocol used to calculate the PMF for the model systems was similar
to that described above. For each window, the system was first energy
minimized and then equilibrated with Langevin dynamics. For the
dielectric continuum calculations, the data collection window was 100 ps,
and the PMF was generated with dielectric constants of 1, 10, and 80.
Reduced model systems, with 20 and 11 primary waters, were constructed
for the 0-PC and o-PE molecules. On the basis of the radial distribution
functions calculated in bulk water, 8 waters were placed on the PO4-
phosphate group (3 waters each for O13 and Ol14, 1 water each for the
O11 and O12 oxygens), and 3 or 12 waters around the NX;* of the
choline or ammonium group. The data collection window was 50 ps. The
initial positions for these reduced explicit waters were obtained from the
bulk simulation systems. Throughout the trajectories calculated with
the reduced systems, the primary water molecules were maintained in the
hydration shell of either the N or the P by applying a half-harmonic
restraining potential of the form K(» — ry)?, for r > rg, and 0 otherwise,
with K = 5 kcal/(mol-A2) and 7o = 6 A to the water oxygen solvated
group distance.

To calculate the two-dimensional adiabatic potential energy surface
at each point a4 and as, the following protocol was adopted. First, an
initial geometry was constructed from internal coordinates, then the
position of the atoms not involved directly in the a4 and as dihedrals was
optimized (O11, P, 012, Cl11, and C12 were kept fixed), and finally, the
geometry of the whole molecule was optimized in the presence of harmonic
energy constraints to maintain the values of as and a5 near their prescribed
values (the contribution of the harmonic restraint is not included in the
final energy). The adiabatic surfaces were calculated every 10° for the
dihedral angles between 0 and 360° (1296 conformers were optimized
for each molecule). The ABNR energy minimization algorithm was
used for the geometry optimizations.28

Results

o-PC and o-PE in Vacuum. In this section, the results
concerning the flexibility of o-PC and o-PE in vacuum with
continuum dielectric constants ¢ of 1, 10, and 80 are described.
The a4—as adiabatic potential energy surfaces and the vacuum
PMF of 0-PC and o-PE, W,.(as; €), are shown in Figures 2 and
3. The geometries and relative energies of the stable conforma-
tions are summarized in Table 3. The vacuum model with a
dielectric constant ¢ = 1 corresponds to the isolated molecule in
the gas phase, e.g., as it would be studied with ab initio
calculations.442 Although the vacuum models with anartificially
increased dielectric constant do not represent a realistic physical
situation, they help in revealing the dominant role played by the
intramolecular electrostatic interactions. First, the results with
¢ = | are discussed, and then the effect of larger ¢ is described.

The adiabatic surfaces of o-PC and o-PE, shown at the top of
Figure 2, have multiple minima separated by large energy barriers;
0-PC and o-PE have six and four stable conformers, respectively.
For o-PE, the energy minimum observed at (aq = 276, a5 = 67)
corresponds to the most stable conformer, labeled gauche-1 in
Table 3; the gauche-2 conformer has a marginal stability. For
o-PC, the gauche-1and gauche-2 conformers are the most stable,

(41) Pullman, B.; Berthod, H. FEBS Lett. 1974, 44, 266-269.
(42) Pullman, B.; Berthod, H.; Gresh, N. FEBS Let:z. 1975, 53, 199-204.
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Figure2. Adiabatic energy surfaces of «s and a5 calculated for o-PC and
0-PE in vacuum with continuum dielectric constants of 1, 10, and 80.
This figure shows the contour levels at energies from 2 to 30 kcal/mol
spaced every 2 kcal/mol with increasingly thick lines. There is a large
electrostatic barrier in the all-trans state with a dielectric constant of 1
for both 0-PC and o-PE. With dielectric constants of 10 or 80, the size
of the trans barrier is significantly reduced, and the o4 dependence is
much broadened. There is symmetry about the diagonal from (0,360)
t0(360,0). Table 3 summarizesthe energetics of the stable conformations
observed in this figure.

although the gauche-3 conformer found near (a4 = 291, a5 =
124) also appears in Wy, (as; € = 1) (see below). The various
gauche conformers of o0-PC are stabilized by intramolecular
hydrogen bonds involving the O13 or O14 oxygens and the
hydrogens of the choline group; this is made possible by the larger
size of the N group in o-PC relative to 0-PE. For example, the
gauche-1 conformer is stabilized by several hydrogen bonds
involving the 014,012, and O11 oxygens and two methyl groups
of the choline, while the gauche-2 form is stabilized by hydrogen
bonds between the O13 and O12 oxygens and a single methyl
group of the choline. The PMF, W,,.(c:s; ¢ = 1), shown in Figure
3, has large trans barriers and smaller cis barriers; the gauche
conformers, with s near £60°, are the most stable, in accord
with the as—as adiabatic surface. In addition, local minima in
the PMF of 0-PC are also observed at as near 124 and near 236°,
in accord with the existence of the gauche-3 conformer found in
the adiabatic energy surface. For o-PE, the marginally stable
gauche-2 conformer does not give rise to such a feature in the
PMF. For both 0-PC and o0-PE, the large energy barrier in the
trans conformation, for which the P-to-N distance is the largest,
is primarily due to the loss of intramolecular electrostatic
interactions between the P and N groups; the cis conformation
of a4 and as is unfavorable due to bad steric contacts between
the phosphate oxygens and the groups on the nitrogen. Similar
conclusions were reached by Pullman et al. using ab initio
calculations based on closely related model compounds of PC
and PE.442 [n fact, the adiabatic surfaces calculated with ¢ =
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Figure 3. Potential of mean force, Wyac(as; ¢€), calculated with dielectric constants ¢ of 1, 10, and 80.

Table 3. Stable Conformers in Vacuum

dielectric energy oy as
system constante conformation (kcal/mol) (deg) (deg)
o-PC 1 gauche-1 0.0 249 67
1 gauche-2 0.9 53 74
1 gauche-3 2.8 291 124
10 gauche 0.0 227 66
10 trans 6.5 274 175
80 gauche 0.0 223 67
80 trans 6.3 180 180
o-PE 1 gauche-1 0.0 276 67
1 gauche-2 1.5 50 41
10 gauche 0.0 244 66
10 trans 23 180 180
80 gauche 0.0 185 64
80 trans 0.5 180 180

1,shownin Figure 2,aresimilar to the ab initiosurfaces calculated
by Pullman et al.4142

The progressive influence of the shielding of the intramolecular
electrostatic interactions on the accessible dihedral conformations
can be observed by comparing the adiabatic surfaces with e values
of 1, 10, and 80. It is observed from the adiabatic surfaces of
Figure 2 that the as trans barrier is decreased and the oy de-
pendence becomes much flatter with e = 10 or 80. The existence
of broad gauche conformers and an increased stability for the
trans conformer becomes apparent. The o-PE trans state is
however considerably more stable than that of o-PC. In accord
with the adiabatic surfaces, the PMF surfaces, shown in Figure
3, have local minima for a5 in the gauche and trans conformation,
although the trans conformation is again more stable in the case
of o-PE. The shielding of electrostatic interactions with ¢ = 80

produces the stabilization of the trans conformation, yielding a
trans/gauche energy difference of +2.4 and +0.3 kcal/mol for
0-PC and o-PE, respectively. The secondary minimum observed
in Wac(as; € = 1) of 0-PC is no longer present in We,e(as; € =
80).

0-PCand o-PE in Bulk Water. Inthissection, the main results
concerning the flexibility of 0-PC and o-PE in bulk water, i.e.,
the solvation structure, the PMF Wy, (5), and the isomerization
rate constants, are described. The solvent radial distribution
functions, g(7), calculated from the trajectory in the 18-A-radius
water sphere, for the four oxygens surrounding the phosphate
group, for the phosphate itself, and for the nitrogen, are shown
in Figures 4 and 5. It is observed that the water structure around
the phosphate group is very similar in o-PC and o-PE, although
the radial distribution around the O12 oxygen, which is along the
bonded direction from P toward N, is different. For both o-PC
and o-PE, the O13 and O14 oxygens have very sharply peaked
distribution functions, with an integrated population of three
waters being found inside the first shell (within 3.2 A). The O11
and O12 oxygens do not have such well-defined hydration shells.
In contrast, the water structure around the N group is very
different from the 0-PC to the 0-PE, with o-PE having a smaller
number of waters that are packed more tightly. Figure 6 shows
instereoimages the typical water structure around both molecules.
In particular, the three waters tightly associated with the O13
and O14 oxygens can be seen clearly. Similar observations were
made about the radial distribution around the headgroups of a
DLPE bilayer (see Figure 7 of ref 12 and Figure 5 of ref 13).

The PMF Wyu(as), calculated with umbrella sampling in a
water sphere of 13-A radius, is shown in Figure 7. The main
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Figure 5. Radial distribution functions of the water structure around the o-PE molecules in bulk water (see also Figure 4).

features of the PMF are given in Table 2. It is observed that the
influence of solvent results in a stabilization of the trans
conformation relative to vacuum (see W(as; ¢ = 1) in Figure 3).
From Wyyi(as), trans/gauche energy differences of +1.5 and
+0.02 kcal/mol are found for o-PC and o-PE, respectively.
Although the trans and the gauche conformations are stable for
both o-PCand o-PE in bulk water, there is a very shallow minimum
in the PMF of o-PC in the trans conformation. The barrier in
the cis conformation is higher for o-PC due to the much larger
size of the N group.

The transition rate constants and the dihedral diffusion
constants, calculated at the transition states using egs 3, 5, and
6 from the velocity autocorrelation function obtained from
trajectories of 0-PC and o-PE, are summarized in Table 4.

0-PCand o-PE with Primary Hydration Waters. Thecalculated
PMF, Wiyin(as; n = 11) and Wigm(as; n = 20), are shown in
Figure 8 for o-PC and o0-PE. The main features of the PMF with

20 primary waters are given in Table 2. For o-PC, the PMF
values calculated with 11 and 20 primary waters are qualitatively
similar to the PMF calculated in bulk water, though the result
with 20 waters is closer to that in the bulk. With 20 waters, a
shallow well is observed in the trans state, with an energy of 1.8
kcal/mol above that of the gauche state. For o-PE, a larger
variation is observed as a function of the number of primary
waters. Withonly 11 waters, the trans state is almost 4 kcal/mol
higher than the gauche state and is relatively unstable. Increasing
the number of primary waters to 20 yields a PMF resembling
that observed in bulk solution. The trans state is stable, and its
energy is 1.5 kcal/mol above that of the gauche state. Thus, one
result of this numerical experiment is that a certain minimum
number of nearby waters is sufficient to provide an adequate
shielding of the strong attractive interaction between the P and
the N groups and generate conformations similar to those
appearing in solution.
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Analysis and Discussion

As can be observed from Figures 2 and 3, the o-PC and o-PE
molecules in vacuum with a dielectric constant of 1 are restricted
to a few conformations separated by large energy barriers. The
adiabatic potential energy surface shows a trans conformation
dominated by a large electrostatic barrier. Similarly, the potential
of mean force calculations show that the trans state has become
an unstable barrier. In bulk water, the picture is completely
different. Theinfluence of solvent results in a stabilization of the

trans conformation, yielding a trans/gauche energy difference of
+1.5and +0.02 kcal/mol for o-PC and o-PE, respectively. Thus,
the conformational equilibrium resulting from the calculated PMF
in bulk water indicates a population of molecules in the trans
conformation that is only 4% for o0-PC, while it is 31% for o-PE.
This resultis in qualitative agreement with experimental estimates
for the relative populations obtained from solution NMR. Akutsu
and Kyogoku used an analysis of spin—spin J-coupling constants
toestimate an s gauche/trans energy difference of 1.3 kcal/mol



o-Phosphoryicholine and o- Phosphorylethanolamine

5 : , .
S 4| o-PC Bulk Water |
E
® 3
(1)
< 2!
3 1
]
c 0
w
-1
-~ & , , .
g 4 | O-PE Bulk Water |
=
8 3¢
=
2+
>
2 1}
2
w 9
-1 i

0 60 120 180 240 300 360
Dlhedral (degrees)

Figure 7. Potential of mean force Wyuk(as) calculated with 253 (o-PC)
and 254 (o-PE) explicit TIP3 waters, using the umbrella sampling
technique. The sampling was performed in 10-deg increments, and the
final curve was symmetrized about 180° to increase the statistical
convergence (see computational details). The PMF is plotted with
Kaleidagraph using a weighted smoothing function.

Table 4. Transition Rate Constants in Bulk Solution

o-PC o-PE
Properties
diffusion constant (deg2/ps)
De g, t barrier 1075 1700
Der 8.8 cis-barrier 2100 2250
Transition Rate® (ns-!)
t—g 152 (1211) 33(112)
g—>t 22 (176) 36 (122)
g+— g 2.5(9.6) 20 (56)

4 TST rates, calculated with eq 6, are given in parentheses.

for the o-phosphorylethanolamine molecule.4> Although o-
phosphorylcholine was also investigated by these authors, an
estimate of its gauche/trans energy difference was not obtained.
Hauser et al. estimated an a5 gauche/trans energy difference of
at least 2.7 kecal/mol for the PC headgroup in solution from an
NMR study of DPPC, LPPC, and DHPC.!! Their analysis
indicated that the conformation of the PC headgroup is inde-
pendent of the solvent used and of the state of aggregation (above
and below the cmc), suggesting that it is mainly determined by
intramolecular forces.!! The asdihedralangleis found exclusively
in the gauche state in the known crystal structures of both PC
and PE phospholipids.5#4 The results of Akutsu and Kyogoku#?
and the present calculations suggest that, for the PE headgroup,
this may be an effect of the low hydration state of the crystals,
since the lack of solvent shielding changes the trans state from
aminimum toan unstablebarrier. The origin of the trans barrier
is mainly electrostatic and results from a loss of the intramolecular
interaction between the P and the N group. The trans confor-
mation, in which the P-to-N distance is the largest, is highly
unfavorable in vacuum, with a dielectric constant of 1. Reducing
the electrostatic interactions artificially by setting the value of
¢ to 10 or 80 progressively reduces the barrier and increases the
stability of the trans conformation. In the later case, the trans/
gauche energy differences are 2.4 and 0.3 kcal /mol for 0-PCand
o-PE, respectively, which are similar to the values obtained in
bulk water. Comparison of Wy(as; € = 1) with Wyu(as)

(43) Akutsu, H.; Kyogoku, Y. Chem. Phys. Lipids 1977, 18, 285-303.

(44) Hauser, H.; Pascher, I.; Pearson, R. H.; Sundell, S. Biochem. Biophys.
Acta 1981, 650, 21-51. :
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demonstrates that solvation can effectively lower the electro-
statically dominated trans barrier.

An interesting structural point is the observation that the o
gauche state for 0-PC and o-PE is not at the same angle. This
can be seen by considering the time séries and the PMF in bulk
water, shown in Figures 7 and 9." For o-PE, the average value
of a5 in the gauche state is around 63°. In contrast, the average
as is larger and around 77° for o-PC. A similar difference was
alsosuggested by Akutsuand Kyogoku, based on an interpretation
of the J-coupling constants for 0-PC, o-PE, GPC, GPE, and both
DPPC and DPPE bilayers.#* The differencein the dihedral values
appears to be due to the hydration structure around the P and
N groups rather than simply the difference in size of the N group
ino-PCand o-PE. Thiscanbeseen by observing that the location
of the minimum seen in the adiabatic maps and in Wi,(as; ¢),
shown in Figures 2 and 3), is nearly the same for both o-PC and
o-PE, while it differs more markedly when the molecules are .
sufficiently hydrated, i.e., in the a5 time series, in Wy (as), and
in Wprim(as) with 20 primary waters (see Figures 7-9).

The solvation-induced increased flexibility is also reflected in
the dynamics of o-PC/o-PE in bulk water. Tobetter characterize
the time scales involved in the conformational fluctuations,
transition rate constants of o-PC and o-PE in bulk water were
estimated using a high friction limit approximation based on eq
3. The results are given in Table 4. The dihedral diffusion
constants about the as angle, calculated using eq 5 at the gauche—
trans and at the cis barriers, are 1075 and 2100 deg?/ps for o-PC
and 1700 and 2250 deg?/ps for o-PE. The calculations show that
the transition rates are overestimated by a factor of 3-8 by TST,
indicating that the nature of the motions at the barrier top is
diffusive. The transition rates are less overestimated by TST at
the cis barrier because its curvature, Wy”, is larger and frictional
effects, 1/ Dy, are less pronounced (see eq 3). The magnitude of
the diffusion constants determined for the two barriers along o
for 0-PC and o-PE can be understood qualitatively in terms of
asimpleargument. Considering thedihedral angle of four bonded
atoms in the trans state, a slight displacement 44 of the first and
fourth atoms by a diffusive process results in a change in dihedral
angle 8¢ of 8¢ ~ 2842/ L, where L = bsin(6) is the perpendicular
distance between two atoms separated by a bond length of b, 8
is the bond angle, and D is the atomic diffusion constant.
Neglecting hydrodynamic interactions in a free draining ap-
proximation, an effective dihedral diffusion constant can be
defined as 2D/ b2 sin%(#) (the factor of 2 arises from the relative
diffusion of two particles). Assuming a value of 0.5 A2?/ps for
Dand 1.5 A and 120° for 6, a dihedral diffusion constant on the
order of 2000 deg?/ps is obtained, similar to the values obtained
from the correlation function analysis. The dihedral diffusion is
faster in o-PE than in o-PC since the N group diffuses more
rapidly (smaller hydrodynamic radius). The larger diffusion
constant at the cis barrier relative to the gauche—trans barrier
can be partly understood as a consequence of the change in solvent-
exposed surface area of the N group between these two
conformations. Because of its larger size, the change in solvent-
exposed area of the N group is larger for 0-PC than for o-PE,
reflecting the relative change in calculated diffusion constants.
This isin accord with a study of pair diffusion in a simple Lennard-
Jones fluid showing that the frictional solvation forces are
dominated by the short-range structure and are proportional to
the solvent-exposed surface.4* However, the magnitude of the
change in solvent-exposed area is on the order of 10%, while the
diffusion constant of o-PC varies by a factor of 2, indicating that
other factors are important. Nevertheless, since the magnitude
of the diffusion constant has a relatively small dependence on the
conformational state of the molecules, the relative time scale of
the isomerization rate is mostly determined by the free energy

(45) Straub, J.; Berne, B.; Roux, B. J. Chem. Phys. 1990, 93, 6804—6812.
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Figure 8. Potential of mean force Wprim(cts; ) calculated with 11 and 20 primary waters about 0-PC and 0-PE to determine the relative effect of the

close waters on the free energy surface.

barriers of the PMF. The largest change due to the variation of
the diffusion constant represents only a factor of 2 in the case of
o-PC.

The nature of the conformational fluctuations of 0-PC and
0-PE in water is illustrated by the time evolution of the dihedral
angles during the unrestrained trajectory performed in the 18-
A-radius water sphere. Figure 9 shows the time series of s and
as during the trajectories. In both cases, there is considerable
exploration of much of the 4 dihedral conformation space. In
contrast, the as of both molecules spends the majority of its time
confined to a few major conformations. In the case of the o-PE
molecule, in addition to the two gauche states, there is also time
spent in the trans state. For o-PE, a gauche to trans and a trans
to gauche transition in and out of the trans state occurs at 51 and
147 ps, and a transition through the cisstate into the other gauche
state occurs at about 392 ps. The a5 of 0-PC spends almost the
entire simulation in a single gauche state. Near 500 ps, a series
of transitions from gauche to the opposite gauche, back to gauche,
and then again back to the opposite gauche occur. Although
such rare events are not statistically significant, they provide
useful information: A detailed examination of the water—
headgroup interactions in the transition of the o-PC molecule
determined that the transition from gauche to trans was initiated
through fluctuations in the number of waters hydrogen bonded
to the O13 and O14 oxygens. For most of the simulation, these
two oxygens had three water molecules associated with them.
Just before the transition, O13 lost two of these hydrogen bonds
towater, both of which were subsequently regained with different
waters in the trans state. Meanwhile, O14 also lost a single
hydrogen bond and regained that bond in the trans state with a
different water. The mean residency time for a hydrogen bond
from water to O13 or O14 was 50 ps, but there was considerable
variability, with one or two of the waters being very tightly
associated and the third being less tightly associated. Although
such a comparison is not rigorous, it can be noted that the s time
series shown in Figure 9 are qualitatively in accord with the
calculated PMF and transition rate constants. During the
trajectory, o-PC and o-PE spent 5 and 16% in the trans state, to
be compared with the 4 and 31% population ratio extracted from
Wiuk(as); the average time spent in the trans conformer is much
shorter for o-PC than for o-PE.

The influence of the solvent on the conformational equilibrium
may be interpreted according to two somewhat opposite views.

The influence of solvent results in a “continuum-like” shielding
of the intramolecular electrostatic interactions; the PMF W,,-
(as; € = 80), calculated in vacuum with electrostatic interactions
shielded by setting the dielectric constant to 80, and the PMF
Whiuk(as), calculated in bulk water, exhibit a qualitatively similar
gauche/trans energy difference. On the other hand, the radial
distribution function (see Figures 4 and 5) and the dynamics of
the hydration waters during the dihedral transitions (see above)
reveal important structural features in the hydration around the
P and N groups. In particular, a small number of waters are
strongly associated with the phosphate group. To gain further
insightinto therelative role of “continuum-like” dielectricshielding
versus nearest “hydration waters” on the internal flexibility of
the o-PC/0-PE molecules, numerical experiments were performed
using model systems with reduced primary hydration. The
calculated PMF values with reduced systems, Wiim(as; n = 11)
and Wprim(as; n = 20), clearly indicate that including 20 water
molecules around the polar groups of o-PC and o-PE is sufficient
to decrease the large intramolecular electrostatic barrier. A
similar approach to account for the dominant effects of bulk
solvation by including a small number of waters around the most
polar groups has been used in ab initio calculations.4!42 Pullman
et al. studied the flexibility of o-phosphorycholine and o-
phosphorylethanolamine in the presence of five or six waters
around the phosphate group.4142 Asexpected, their calculations
did not exhibit the stabilization of the trans conformer observed
in bulk solution. Although five or six waters strongly bound to
the phosphate group are observed during the trajectory in bulk
solution (see Figures 4 and 5), the present calculations with the
reduced model systems demonstrate that this number is not
sufficient. To reproduce the qualitative features of “bulk-like”
solvation, it is necessary to provide also the primary hydration
for the N group. The present calculations with reduced model
systemsindicate that below approximately 20 waters/headgroup
the intramolecular electrostatic interactions are not sufficiently
shielded and the intrinsic flexibility of the polar heads is reduced.

It is interesting to note that the number of primary hydration
water molecules necessary to reproduce the qualitative features
of “bulk-like” solvation intramolecular flexibility seems to parallel
some recent NMR experimental results in bilayers. Several
studies were concerned with the effect of hydration level on the
measured NMR properties of PC/PE systems. Ulrich et al.
showed that the T1 relaxation times of multibilayer dispersions
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Figure 9. Time series of s and a4 for both 0-PC and o-PE molecules from the molecular dynamics trajectory in bulk water. The o-PC molecule spent
81% of the simulation time in the gauche state near 67°, 14% of the simulation time in the opposing gauche state, and 5% of the time in the trans
state. The o-PE molecule spent 36% of the simulation time in the gauche state near 60°, 48% of the time in the opposite gauche state, and 16% of
the time in the trans state. The bottom part of the figure shows transitions of the o-PC and o-PE groups on an expanded time scale.

of DOPC were much reduced below 20 waters per headgroup.!¢
Bechinger and Seelig, working with bilayers of POPC deuterated
at the methylene segments, showed a counterdirectional change
of the quadrupole splitting as the water was decreased below 20
waters per headgroup. Although the experimental measurements
were obtained from bilayer systems in which lipid-lipid inter-
actions were important while the present study considered isolated
molecules in solution, they both suggest that a minimum number
of water molecules is necessary to solvate the headgroups. The
primary waters are very strongly bound to o-PC and o-PE and
provide a large fraction of the solvation energy. On the basis of
the microscopic model, 20 primary waters can provide 70 and
80% of the total solvation energy in bulk water of 0-PC and o-PE,
respectiveiy. Thelarger contribution for o-PEis duetothesmaller
size of the N group, giving rise to a stronger association with the
nearest water molecules. Because the primary water molecules
are so strongly associated with o-PC and o-PE, it is interesting
to consider the properties of the hydrated headgroup as a single
supramolecule. The surface areas, volumes, and dipoles of the
model systems with and without the 20 primary waters are given
in Table 5. In particular, the dipole in the presence of primary

Table 5. General Properties of 0-PC and o-PE

PC PE
property? gauche trans gauche trans

effective volume (A3) 497 485 417 409
1292 1326 1286 1218
effective area (A2) 346 3N 307 312
699 717 703 663

dipole (eA) 5.2 5.6 39 5.9

4.2 37 1.1 1.2

¢ First line gives the molecules in vacuum; second line gives averages
including the 20 primary waters.

waters is significantly reduced for o-PE in contrast to the o-PC.
This is a consequence of the strong hydrogen bonding of the
waters with the ammonium group, in contrast to the weaker
association with the choline group of 0-PC. This suggests that
in bilayers the effective dipole of the PE polar head may be
significantly shielded by the primary hydration shell. Finally,
the gauche to trans relative differences in volume and surface
area of the reduced systems do not parallel that of the vacuum
systems.
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It’s intriguing to speculate that the extra flexibility of the PE
head groups relative to the PC headgroups, reached with a small
number of hydration waters, may be reflected in the physical
state and the thermodynamic behavior of bilayers. Two con-
formers, gauche-plus and gauche-minus, are energetically ac-
cessible for hydrated PC, while the trans conformer is also
significantly populated for hydrated PE. Bulk-like conformational
equilibrium is qualitatively reproduced in the presence of
approximately 20 primary waters. The packing and excluded
volumes resulting from the various hydrated conformers are
different (see Table 5). Theimportance of the primary hydration
waters suggests that elementary properties of the hydrated
molecules such as the excluded volume, area, and dipoles are
more meaningful than the properties of the bare molecules in
vacuum,

Conclusion

In this paper, the importance of solvation on the conformational
flexibility of o-phosphorylcholine and o-phosphorylethanolamine,
model compounds for the two most common phospholipid
headgroups, was investigated with a fully detailed atomic model.
The calculations reveal the important role of solvent in reducing
strong intramolecular electrostatic energies. Invacuum,thetrans
conformation, in which the P-to-N distance is the largest, is
unstable and strongly disfavored with respect to the gauche
conformations due to loss of intramolecular electrostatic inter-
actions. In bulk water, the influence of solvent results in a
stabilization of the trans conformation, yielding a trans/gauche
energy difference of +1.5 and +0.02 kcal /mol for o-PC and o-PE,
respectively. The calculations indicate that, in bulk water, the
population of o-PC molecules in the trans conformation is
significantly smaller than that of 0-PE, i.e., 4 and 31% for o-PC
and o-PE, respectively, a result that is in qualitative agreement
with experimental NMR estimates from an analysis based on
J-coupling constants by Akutsu and Kyogoku** and Hauser.!!
More generally, it may be expected that the conformational
flexibility of similar polar molecules, with strong intramolecular
electrostaticinteractions, would be affected similarly by hydration.

Further insight into the nature of hydration effects was gained
by considering simplified model systems in which the influence
of solvent was approximated by a vacuum continuum dielectric
constant and by including a small number of explicit primary
hydration water molecules solvating the P and N groups. It is
observed, from the calculated PMF of 0-PC and o-PE with the
approximate solvent models, that a vacuum continuum dielectric
constant of 80, or the presence of 20 explicit water molecules
around the polar group, is sufficient to stabilize the trans
conformation and reproduce qualitatively the behavior found in
bulk water. This suggests that the solvent-induced increased

Woolf and Roux

intramolecular conformational flexibility may be equivalently
interpreted in terms of “continuum-like” dielectric shielding or
structuration effects by the primary hydration shell. On a
methodological note, similar comparisons with other approximate
treatment of solvation not considered here, such as a distance-
dependent dielectric constant,?® could also be attempted.

The present approach could be extended to investigate the
influence of ions and charged molecules on the conformation of
the common polar headgroups. There is much current interest
in the effects of charged molecules on the headgroups in
phospholipid bilayers.4-5! Charged substances induces changes
in the deuterium quadrupole splitting and the phosphate CSA,
which have been interpreted as representing a change in the tilting
angle of the P-N dipole. Animportant question, which remains
unanswered, is whether the influence of ions and charged molecules
on the headgroups results from the presence of the membrane—
solution interface or whether it is due to specific ion-lipid
interactions. In other words, are there intramolecular confor-
mational changes induced by charged substances on model
compounds such as 0o-PC and 0-PE? Akutsu and Nagamori
suggest from DPPC bilayer quadrupole splitting and infrared
Raman studies that cations induce a change from about 80° to
about 65° for as.5! This is in contrast to the suggestions from
other groups, that the effect of the charge is to induce a change
in the P-N dipole and no intrinsic conformational shift.4-5¢
Molecular dynamics simulations and NMR J-coupling experi-
ments on 0-PC and o-PE molecules in bulk solution could provide
detailed information on the influence of charged molecules on
these compounds. Further theoretical and experimental inves-
tigations are planned toward understanding the effects of charged
substances on 0-PC and o-PE.
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