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Preface

The interface between a living cell and the surrounding world plays a critical role
in numerous complex biological processes. Sperm/egg fusion, virus/cell fusion,
exocytosis, endocytosis, and ion permeation are a few examples of processes
involving membranes. In recent years, powerful tools such as X-ray crystal-
lography, electron microscopy, nuclear magnetic resonance, and infra-red and
Raman spectroscopy have been developed to characterize the structure and dy-
namics of biomembranes. Despite this progress, many of the factors responsible
for the function of biomembranes are still not well understood. The membrane
is a very complicated supramolecular liquid-crystalline structure that is largely
composed of lipids, forming a bilayer, to which proteins and other biomolecules
are anchored. Often, the lipid bilayer environment is pictured as a hydropho-
bic structureless slab providing a thermodynamic driving force to partition the
amino acids of a membrane protein according to their solubility. However, much
of the molecular complexity of the phospholipid bilayer environment is ignored
in such a simplified view. It is likely that the atomic details of the polar head-
group region and the transition from the bulk water to the hydrophobic core of
the membrane are important. An understanding of the factors responsible for the
function of biomembranes thus requires a better characterization at the molec-
ular level of how proteins interact with lipid molecules, of how lipids affect
protein structure and of how lipid molecules might regulate protein function.
Computer simulations of detailed atomic models based on realistic microscopic
interactions represent a powerful approach to gain insight into the structure and
dynamics of complex macromolecular systems such as a biomembrane. At the
present time, even qualitative information gained from such computer simu-
lations is valuable. Nevertheless, extension of current computational method-
ologies to simulate biomembrane systems still represents a major challenge.
However, this field is just in its infancy, and it is likely that both experimental
and theoretical tools will be needed to solve these problems. It is the goal of the
present volume to provide a concise overview of computational and experimen-
tal advances in the understanding of lipid bilayers and protein/lipid interactions
at the molecular level.
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It can be reasonably expected that molecular simulations will play an in-
creasingly important role in the future. While most trajectories to date are con-
fined to the 1 ns time regime, this clearly will not be the case in the coming
years. Just what kinds of time scales will we be able to simulate in the next five
years? As an illustration, let us consider the following analysis. A typical simu-
lation for a biological system now consists of ~15,000 atoms, which on modern
parallel and vector supercomputers requires approximately | hour to generate
I ps of a trajectory. Thus, one individual running MD simulations continuously
can generate at most ~9 ns of trajectories in one year utilizing modern vector
and parallel hardware resources available at many universities and supercom-
puter centers. Furthermore, it can be expected that algorithmic capabilities will
be enhanced by a factor of 2 to 10-fold in the next year. This suggests that in
one year we will go from a 9 ns capability to a 18 ns—90 ns capability just
by improving our computational algorithms. In addition, it is generally agreed
that there is a twofold speed increase every 18 months in computer technology.
Thus, by the end of five years we can estimate a tenfold increase in computer
power alone. Hence, the 9 ns/year we estimate now will increase to 90 ns based
only on an increase in computer performance. Including an algorithmic im-
provement of 2 to 10-fold on top of this leads to an estimate of a 180 ns to 0.9
micros/year capability for one individual only. Obviously, this analysis is just
an estimate and neglects many factors (e.g., increased system sizes, increased
potential function complexity, etc.), but we think it is clear that molecular simu-
lations on phospholipid bilayers will reach near microsecond capabilities in the
next five years.

It is clear that theoretical methods will evolve to the point where we can ad-
dress very long time scale issues. How about experimental techniques? Clearly,
new approaches to solve experimental problems involving biomembranes will
be developed in the coming years. Furthermore, we can also expect signifi-
cant improvements in the techniques used to study biomembranes. For example,
NMR has enjoyed tremendous growth over the years and this will continue in
the coming years. The field strength of magnets have continued to grow, which
provides higher resolution information that can be used to analyze biomem-
brane structure and dynamics. Moreover, new Solid State-NMR techniques for
oriented samples continue to be developed that will improve the ability to ana-
lyze biological membrane systems. Similarly, other experimental techniques like
neutron scattering, X-ray, IR, CD, etc., will also continue to be improved upon
in the coming years. Hence, the combination of improved computational and
experimental techniques indicate that there is a bright future for the continued
investigation of the structure, function, and dynamics of biological membranes
at the molecular level.

This volume is separated into four sections. In section I, the basic theoret-
ical and computational issues regarding biomembrane structure and dynamics
are addressed. These issues range from basic statistical mechanics to force field
development and evaluation. Thus, this section contains the necessary informa-
tion required for anyone interested in attempting to model biomembranes using
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molecular dynamics or Monte Carlo methods. Section 1 then moves onto a
series of chapters describing experimental probes that can be used to assess
biomembrane structure. These include X-ray, IR and NMR techniques, and all
are capable of providing microscopic or macroscopic insights that can be used
to enhance our understanding of biomembrane structure and dynamics. More-
over, these experimental techniques generate information that can be used to
assess and verify theoretical studies. Section III gives both a theoretical and ex-
perimental perspective on the interaction of peptides with biomembranes. Many
peptides are membrane active and deserve study in their own right, but these
systems can also serve as powerful models of protein/lipid interactions. Hence,
by understanding these smaller (and hopefully less complicated) systems we
will increase our understanding of the larger integral membrane class of pro-
teins. Finally, Section IV gives a broad theoretical and experimental perspective
of protein/lipid interactions. In this section the chapters give insights into the
thermodynamics of protein lipid interactions as well as provide structural details
of these systems.

The editors would like to thank the staff at Birkhduser and the contributors
for helping us produce an outstanding volume on recent advances towards under-
standing the structure, function and dynamics of biomembranes and lipid/protein
interactions.
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Part 1

COMPUTATIONAL ISSUES REGARDING
BIOMEMBRANE SIMULATION

This section describes the basic background material for molecular simulations
as they relate to biomembrane containing systems. Biomembrane modeling,
while in many respects very similar to modeling other biomolecules (e.g., pro-
teins, DNA, etc.), has its own set of technical vagaries that must be considered
prior to beginning a simulation. MD trajectories based on atomic models are
typically limited to a few ns, while many membrane phenomena take place
over much longer time scales. In Chapter 1, Rich Pastor and Scott Feller de-
scribe the time scales of lipid bilayer motions and how they affect the outcome
of molecular dynamics (MD) simulations. This first chapter provides a critical
discussion of the limitations of current computational models. In Chapter 2,
Michael Schlenkrich, Jurgen Brickmann, Alex Mackerell, and Martin Karplus
describe the parametrization of the all-atom CHARMM PARAM 22 molecular
mechanical force field for phospholipid molecules. They stress the factors that
need to be considered and indicate the limitations of this type of approach. Larry
Scott, in Chapter 3, gives an overview of the basic statistical mechanics of lipid
bilayers and also presents details regarding how Monte Carlo (MC) methods
can be used to advantage when studying the configurations of lipid assemblies.
MD and MC methods have strengths and weaknesses that can be used to ad-
vantage when trying to understand the dynamics of lipid containing phases. In
the present volume, calculations based on MD are described in Chapters 1, 2,
3, 8,11, 15, and 17; calculations based on MC are described in Chapters 2, 3,
10, 13, 14, and 16. Further methodological issues, such as application of current
simulation methods to model a lipid bilayer under constant pressure are also
addressed by Eric Jakobsson, Shankar Subramanian, and Larry Scott in Chapter
4. Their chapter also illustrates how a molecular simulation provides insight into
the origin of the membrane surface potential.
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Time Scales of Lipid Dynamics
and Molecular Dynamics

RICHARD W. PASTOR AND ScotT E. FELLER

Introduction

It is finally possible to carry out a molecular dynamics (MD) computer sim-
ulation of a protein or peptide in a lipid bilayer. Simulation programs with
reasonable potential energy parameters are readily available, computer work-
stations are affordable, and plausible “initial conditions can be constructed by
combining the polypeptide with lipid configurations taken from simulations of
pure lipid bilayers. Clearly, there are many questions to ask. Does the protein
somehow order the nearby lipids or perturb the water structure at the head-
group/solution interface? If the membrane contains a mixture of lipids, do some
selectively condense around the protein? What are the lateral diffusion constants
and isomerization rates for the lipids and protein, and are they perturbed from
the pure state? These sorts of effects might be important to the protein’s func-
tion, or they might modulate the rate that substrates pass through the bilayer.
They could change the interfacial tension, making it easier for the membrane
to bend or even fuse with another. A peptide with potential drug applications
might disrupt the bilayer, aggregate to form channels, or bind to a membrane
protein.

As this chapter shows, only some of these questions can be answered at
present with a conventional MD simulation, which, for a bilayer/protein system,
can produce a trajectory of about 100 picoseconds (ps) to one nanosecond (ns).
The following section provides a brief overview of the molecular dynamics
method and some specifics pertaining to simulations of lipid bilayers, including
constant pressure algorithms. Lipid motions are then discussed in order of their
accessibility on the MD time scale: isomerization (reasonably good); rotational

Biological Membranes
K. Merz, Jr. and B. Roux, Editors
© Birkhiiuser Boston 1996



4 PASTOR AND FELLER

relaxation (borderline); and lateral diffusion (just out of reach). We examine
these motions using a combination of analytic theory and Brownian dynamics
simulations of simple model systems, and molecular dynamics simulations of
a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer. The analyses, though
restricted to pure lipid systems, should provide a sense of the motions on the ps
to ns time scale, and assist readers in assessing simulations and other modeling
of more complex membranes.

The Molecular Dynamics Method
Overview

For a system with constant particle number, volume, and energy (NVE, or micro-
canonical ensemble), the molecular dynamics method simply involves numeri-
cally solving Newton’s equations for each particle (Allen and Tildesley, 1987).
First the initial conditions (positions and velocities) and interparticle forces must
be specified. The form of the potential function and the type of algorithm then
dictate the time step (too large a time step will lead to an unacceptable drift in
the total energy). Finally, the nature of the problem and the available computer
resources determine the length of the simulation. As such, an MD simulation
is similar to a numerical simulation of orbiting planets and moons. Aside from
the interparticle forces, there are several important differences:

(1) The initial velocities of the atomic system are typically obtained from a
Maxwell-Boltzmann distribution, and are scaled (or rerandomized) until kinetic
and potential energies are in equipartition and the target temperature is reached.
As a result, the statistical nature of the system is introduced early on.

(2) The assignment of initial positions for simple systems (such as atomic
fluids) can proceed from a relatively ordered configuration at the appropriate
density, while complex systems like membranes often require artistry. In any
case, the system should be well equilibrated before the production phase of the
simulation begins. '

(3) Periodic boundary conditions are usually imposed in order to eliminate
so-called wall effects and thereby better model a bulk fluid. Hence, although
the terms box or cell are commonly used, the walls are completely porous: a
particle leaving the cell through one side reenters through the opposite face. This
technique can lead to difficulties when the number of particles is small (e.g.,
the particle interacts strongly with its own image); it also sets an upper limit on
the wavelengths of undulations or collective modes that can be studied.

It is not obvious that molecular dynamics simulations should work: one
could imagine that it would require a nearly macroscopic number of particles
and very accurate potential energy functions to produce anything comparable
with experiment. (To verify the assertion that fast computers and complicated
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theories do not guarantee good results, check the weather report or business sec-
tion of today’s newspaper). Nevertheless, by the 1960°’s MD simulations (and a
cousin, Monte Carlo) were able to reproduce structural and dynamic properties
of fluids using simple potentials and only several hundred particles. These early
successes motivated the application to more complex systems, and computer
simulation rapidly became an important complement to formal statistical me-
chanical theory. Simulations of biopolymers (Brooks et al, 1988; van Gunsteren
et al, 1993) and lipid bilayers (Brasseur, 1990; Pastor, 1994b) followed, and, de-
spite occasional grumbling by nonpractioners, molecular dynamics has become
a central technique in biophysics. The remainder of this section describes some
important technical details of bilayer simulations.

Dynamics at Constant Pressure

Unfortunately, it is difficult to simulate membranes using only constant volume
algorithms. Both the height normal to the interface and the surface area must
be specified correctly because the properties of surfactants are sensitive to both
the normal pressure and the surface area per molecule (Cevc and Marsh, 1987,
Small, 1986). While quantities such as interlamellar spacing and molecular ar-
eas have been determined for some lipids (Nagle, 1993; Rand and Parsegian,
1989), experiments give indirect guidance at best for assigning the appropri-
ate simulation cell dimensions for bilayers made up of mixtures of lipids, or
for ones containing peptides and proteins. Consequently, some allowance for
volume and/or shape adjustments of the simulation cell is necessary in most
cases. .
Fluctuations in cell dimensions are most naturally accomplished by sim-
ulating in ensembles other than the microcononical. Because the appropriate
variables are not always obvious, it is useful to start with the thermodynamics.
We assume that the bilayer/water interface is planar with surface area A, and
normal to the z direction. From the condition of hydrostatic stability, the pres-
sure normal to the interface, P,, equals the bulk pressure, P. Then, from the
First Law of Thermodynamics:

2
dE =TdS — P,dV +ydA+ ) pdN;, (1)
=l
where E is the internal energy, T the temperature, S the entropy, V the volume,
y the interfacial tension, N; the number of particles of liquid i, and y; its chemi-
cal potential. We see that there are four pairs of variables (i, N), (T, S), (P,, V)
and (y, A); when one is fixed, the other fluctuates. If the system is isolated (i.e.,
constant particle number and no heat exchange with the surroundings), then
u1dNy = pad N, = TdS = 0, and Equation (1) becomes

dE = —P,dV + ydA (2)

The consistency of the simulations at NVE is clear from Equation (2): the ex-
tensive variables volume and surface area are constant, while their conjugate
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intensive variables, normal pressure and surface tension, respectively, can be
evaluated by averaging over the trajectory. Surface tensions of liquid/vapor in-
terfaces, including monolayers, are reasonably calculated from simulations in
the NVE ensemble. Ensembles describing interfaces in which various intensive
thermodynamic variables are constant have recently been described (Zhang et al,
1995). Two particulary useful ones are:

(1) NPAH, where H = E + P, V. The surface area is fixed, but because the
applied normal pressure is constant, the box height (and hence the volume) fluc-
tuates. This ensemble is useful for calculating surface tensions of liquid/liquid
systems, including the “microscopic” surface tension of lipid bilayers.

(2) NPyH, where H = E + P,V — y A. Both the surface area and volume
fluctuate, while the surface tension and normal pressure are constant. This en-
semble is useful for expanding or contracting bilayers, or allowing the bilayer
to relax under a constant applied surface tension (Feller et al, 1995b).

Developing equations of motidns for particles outside the NVE ensemble is
not particularily straightforward. A method for simulating isotropic systems at
constant pressure was introduced by Andersen (1980) and then generalized for
solids (where a pressure tensor is required) (Nose and Klein, 1983; Parrinello
and Rahman, 1981). The Andersen, or extended system, approach (others are
possible, as reviewed in Allen and Tildesley, 1987) is based on incorporating into
the Lagrangian an additional degree of freedom, corresponding to the volume but
commonly called a piston; the force on the piston is proportional to the difference
of the instantaneous and reference pressures. The resulting equations of motion
produce trajectories in which the system volume adjusts to and fluctuates about
a value consistent with the reference pressure. The extended system equations
for the NPyH ensemble under an applied normal pressure, P,p, and surface
tension, yp, are (Zhang et al, 1995):

- i . i h . s . B
x,-=p—x+—"x,-, y.~=p—‘v+—yy,-. z,-=p—+—zz,-.
m; .hx n; h y n; ‘hz
. hx . h)’ a hx
Pri = fui ’h—x‘Pxn Pyi = fyl hypyn Pz = fu By Pzi+ 3)

Mxi‘ix = hy()/o — Vx)
Myiiy =h(yo — P,v_v)
Mziiz == h,thy(Pz: — Pw)

where x;, p.i, f« are the position, momentum and force in x for the i " particle,
respectively; h, is the length in x of the simulation cell, and M, is the mass of
this extended degree of freedom. Variables in y and z are defined similarily, and
the symbols dot and double dot have their usual meanings as time derivatives.

Finally,
}.}.rx = h:(PnO Ny P.\'.r)

r 4
Yyy = h;(Pno — Pyy)



