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X-ray scattering is a promising tool with which to characterize systems of solid-
supported membranes. There are many different scattering techniques used in
the characterization, but all suffer from a necessarily low electron density con-
trast between the membrane and the water medium in which it must exist.
Labeling membranes with a high-contrast scatterer such as gold is a promising
avenue to solve this problem. In this work, silicon-supported membranes of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were prepared by both stan-
dard Langmuir-Blodgett deposition and fusion of vesicles onto the substrate
surface. Membranes are characterized using specular x-ray reflectometry, and
modeled to fit physical systems. One percent by count 1,2-dipalmitoyl-sn-glyc-
ero-phosphoethanolamine (DPPE) with a gold tag attached was then added to
both systems. Gold labeled membranes were then characterized and modeled.
The effect of gold labeling is shown to characteristically change the membrane
density profile in addition to enhancing density contrast between the membrane
and the water medium.
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We created two-dimensional (2D) assemblies of tobacco mosaic viruses
(TMVs) and characterized their structures using Atomic Force Microscopy
(AFM) and X-ray scattering. The TMVs were adsorbed on an oppositely
charged, fluid lipid monolayer supported by a solid substrate and submerged
in a buffer solution. The lipid monolayer confined the viral particles within
a plane, while providing them with lateral mobility so that overall the TMV as-
sembly behaved like a 2D liquid. The inter-particle interaction is controlled by
the chemical condition in the buffer. The degree of structural orders observed
varied, depending on both the inter-particle interaction and the lateral mobility
of the particles. Quantitative analysis of the X-ray scattering data provides
information on the nature of the interaction between TMVs as well as possible
membrane deformation due to the
contact with TMVs. This study pro-
vides the proof-of-concept that X-ray
scattering may be used to study the
structure of membrane associated
proteins in substrate-supported single
bilayer under near-native conditions.
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Diphytanoylphosphatidylcholine (DPhPC) is a branched chain lipid often used
for model membrane studies, including peptide/lipid interactions, model ion
channels and lipid raft studies. This work reports results of volume measure-
ments, water permeability measurements Py X-ray scattering from oriented
samples, and x-ray and neutron scattering from unilamellar vesicles at T=30
°C. The volume/hpld was Vi = 1427 + 1 A3 The area/lipid was found to
be 83 + 1 A? when only x-ray data were used in the H2 model analysis (Klauda
etal., Biophys. J. 2006) and A =80.3 = 1 A? when both x- ray and neutron data
were combined with the SDP model analysis g ucerka et al. Blophys J.2008).
Py was measured to be 7.04 = 0.97 x10™° cm/sec, which is considerably
smaller than predicted by the recently proposed 3-slab model (Nagle et al., J.
Gen. Physiol. 2008). This suggests that water flow through the branched chain
region becomes the rate limiting step instead of the entry of water through the
interfacial region when the chains are not branched. The DPhPC head-head
thickness (Dy= 36.1 A), the bendmg modulus (Kc=6.4 + 1.5 x1072'J) and
the Hamaker parameter (H=4.5 x10~2'J) were similar to the linear chain lipid
DOPC. Even though DPhPC does not occur in mammalian cell membranes,
these similarities are consistent with DPhPC bilayers being an appropriate
model for many cell membrane studies. This work was supported by
grants from National Institutes of Health (GM44976, JFN,STN,) and
(DK43944, JCM,MZ).
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Phospholipid membranes are implicated in cellular homeostasis together with
a multitude of key biological functions. Many regulatory functions are known
to be mediated through protein-lipid interactions. An important feature of pres-
sure-sensitive membrane proteins (mechanosensitive channels, rhodopsin) is
that their activation is coupled to membrane tension and curvature elastic stress
[1,2]. Solid-state >H NMR and small-angle X-ray scattering (SAXS) studies of
bilayer ensembles of phospholipids under osmotic stress enable membrane
structural deformation to be determined. Here we highlight the results from
a combined NMR and SAXS approach utilizing pressure-based force tech-
niques that control membrane structure [3] and tension [1].Our 2H NMR results
using both osmotic pressure (PEG osmolyte) and gravimetric pressure (low wa-
ter concentration) techniques show that the segmental order parameters (Scp)
of liquid-crystalline DMPC approach very large values =0.35 at =30 °C.
These correspond to =20% change in bilayer structural properties (cross-sec-
tional area per lipid and acyl chain thickness) versusthefully hydrated mem-
brane. The two stresses are thermodynamically equivalent because the change
in chemical potential when transferring water from the interlamellar space to
the bulk water phase corresponds to the induced pressure. A simple theoretical
framework based on a unified thermodynamic description is developed. It is
shown that the gating threshold for mechanosensitive channels may be shifted
to higher or lower values due to lipid-mediated control of channel properties.
These findings demonstrate the applicability of solid-state >H NMR spectros-
copy and SAXS together with membrane stress techniques for investigating
the mechanism of pressure sensitivity of membrane proteins. [1] S.I. Sukharev
et al. (2001) Biophys. J.81, 917-936. [2] A.V. Botelho et al. (2006) Biophys.
J.91, 4464-4477. [3] H.I. Petrache, M.F. Brown. (2007) Methods in Membrane
Lipids, Humana Press, 339-351.
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Biological membranes form a barrier to protect the cell from its environment
and selectively control the entrance/exit of small molecules. Molecular simula-
tions of these biological membranes require an accurate lipid force field (a ma-
jor component of the membrane). Previously, extensive ab initio quantum
mechanical (QM) calculations have been used to improve the aliphatic portion
of the CHARMM27 lipid force field. Although this was a significant improve-
ment, the lipid head group required additional modifications to agree with
experimental lipid bilayer deuterium order parameters (Scp) and solvation free
energies. Therefore, we modified the atomic charges in the carbonyl-glycerol
region and fit dihedral energy terms to high-level QM calculations and/or
experiment. Molecular dynamics (MD) simulations with this new force field,
referred to as CHARMM36 (C36), resulted in a significant improvement to
the Scp’s and water hydration for DPPC lipid bilayers. The calculated electro-
static profile and lipid bilayer surface tension decreased significantly. Conse-
quently, the C36 force field resulted in excellent surface areas per lipid (and
other properties) with NPT simulations, which is a significant improvement
from the C27r force field that required constant area simulations (NPAT) to
prevent some bilayers from laterally condensing. MD simulations of other
pure lipid bilayers and monolayers also agreed favorably with experimental
densities, monolayer surface tensions, and Scp’s. The success of the C36 force
field allowed for the study of complex lipid membranes in single-celled organ-
isms. Model membranes were developed and simulated for yeast (six phospho-
lipids, cholesterol, and 25-hydroxysterol) and Chlamydia (five unbranched
lipids, a branced lipid, and cholesterol). These membranes are currently being
used to study intracellular sterol transport and a porin protein that induces an
immune response.
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We calculate partition coefficients of various chain anchors in liquid-ordered
and liquid-disordered phases utilizing a theoretical model of a bilayer mem-
brane containing cholesterol, dipalmitoylphophatidylcholine (DPPC), and
dioleoylphosphatidylcholine (DOPC). The model qualitatively reproduces
experimentally observed phase diagrams of this ternary system [R. Elliott,
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I. Szleifer, M. Schick, Phys. Rev. Letters, 96, 098101,2006]. The partition co-
efficients are calculated as a function of chain length, degree of saturation, and
temperature. Perhaps our most important, model-independent, observation is
that the partition coefficients must depend upon the relative compositions of the
two liquid phases which coexist. For given phases in coexistence, we find that
saturated anchors prefer the denser liquid-ordered phase and that their partition
coefficients generally increase with the length of the anchor. Unsaturated
chains and other bulky anchors prefer the less dense liquid-disordered phase.
The fraction of anchors in the liquid-ordered phase decreases with decreasing
degree of saturation of the anchors. For a given number of double bonds, the
partition coefficient depends upon their location, with those near the chain ends
causing a smaller decrease in the fraction of anchors in the liquid-ordered phase
than double bonds closer to the middle of the anchor. The effect of doubling the
number of chains in an anchor is to increase the partitioning into the liquid-
ordered phase when the tails are nearly as long or longer than those comprising
the bilayer, but is minimal when they are relatively short. A reduction of
temperature also increases the partition coefficient of long chains, but again has
little effect on shorter ones.
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Aerogels are a special class of interconnected nanoscale colloidal-like particles
or polymeric chains derived from highly cross-linked inorganic or organic gels
that are dried under specific conditions to preserve the tenuous solid network.
Aerogels have been used or considered for use in various technical applications
such as laser experiments, sensors, thermal insulation, optics, electronic
devices, catalysts, cosmic dust collection and X-ray laser research. Xerogels
are similar to aerogels but are dried by solvent evaporation at ambient condi-
tions which results in a decreased porosity. Here, we demonstrate a different
use of xerogels, as a scaffolding material to support lipid bilayers. We prepared
various xerogel structures including silica, titania, alumina, iron oxide, phlor-
oglucinol-formaldehyde (PF), resorcinol-formaldehyde (RF) and cellulose
acetate, characterized the surfaces and confirmed lipid mobility by fluorescence
recovery after photobleaching (FRAP). Subsequently, we studied DOPC/DSPC
phase-separated lipid bilayers supported on silica xerogels vs. smooth mica. It
was concluded, using atomic force microscopy and FRAP, that the bilayers on
silica xerogel follow the surface curvature rather than being smoothly sus-
pended on the silica interconnected colloidal particles. We used the nanome-
ter-scale corrugations induced in the bilayer to observe the effect of curvature
on the phase-separation of ternary mixtures (DOPC/DSPC/Cholesterol). It was
observed that the cholesterol concentration of miscibility was significantly
greater for silica xerogel-supported ternary bilayers (> 60 mol% chol) com-
pared to smooth mica-supported ternary bilayers (~40 mol% as expected for
free bilayers). This is explained as curvature-induced movement of cholesterol
from the bilayer to the fusion vesicles in the medium. In summary, this study
illustrates the use of xerogel structures as supports for lipid bilayers and is
promising in terms of enlightening the details of curvature and surface chem-
istry on the behavior of the biomembranes.
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Supported Lipid Bilayers are an abundant research platform for understanding
the behavior of real cell membranes as they allow for additional mechanical
stability and enable characterization techniques not reachable otherwise. How-
ever, in computer simulations these systems have been studied only rarely up to
now. Here we present a systematic study of the changes that a support inflicts
on a phospholipid bilayer using coarse-grained molecular modeling.

We characterize the density and pressure profiles as well as the density imbal-
ance induced by the support. It turns out that the changes in pressure profile are
strong enough that protein function should be impacted leading to a previously
neglected mechanism of transmembrane protein malfunction in supported bila-
yers. We also determine the diffusion coefficients and characterize the influ-
ence of different corrugations of the support. We then determine the free energy
of transfer of phospholipids between the proximal (close to the surface) and
distal leaflet of a supported membrane using the coarse-grained Martini model.
It turns out that there is at equilibrium about a 2-3% higher density in the prox-
imal leaflet. These results are in favorable agreement with recent data obtained

by very large scale modeling using a water free model where flip-flop can be
observed directly. We compare results of the free energy of transfer obtained
by pulling the lipid across the membrane in different ways. There are small
quantitative differences but the overall picture is consistent. We are addition-
ally characterizing the intermediate states which determine the barrier height
and therefore the rate of translocation. Simulations in atomistic detail are
performed for selected systems in order to confirm the findings.
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Current hypotheses for plasma membrane organization depend critically on a
variety of length and time scales that are outside the resolution of conventional
experimental techniques. Our novel approach utilizes nanoapertures to examine
membrane organization and dynamics with near-field optical fluorescence mi-
croscopy without incorporating a scanning probe or perturbing the membrane.
Conventional microscopy excitation sources and fluorescent probes are used to
enable fluorescence correlation spectroscopy (FCS) on living cell membranes

with super-resolution. The nanoaper-
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sub-diffraction limit length scale,
providing a 25-fold decrease in the
illuminated area of the membrane
as compared to diffraction-limited — 2ZZ237
illumination.

tures confine the excitation light to a
|
I

1483-Pos

Budding and Vesiculation Induced by Conical Membrane Proteins
Thorsten Auth, Gerhard Gompper.

Forschungszentrum Jiilich, Jiilich, Germany.

Conical inclusions in a lipid bilayer generate an overall spontaneous curvature
of the membrane that depends on concentration and geometry of the inclusions.
Examples are integral and attached membrane proteins, viruses, and lipid do-
mains. We propose an analytical model to study budding and vesiculation of
the lipid bilayer membrane, which is based on the membrane bending energy
and the translational entropy of the inclusions. If the inclusions are placed on
a membrane with similar curvature radius, their repulsive membrane-mediated
interaction is screened. Therefore, for high inclusion density the inclusions ag-
gregate, induce bud formation, and finally vesiculation.
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Though ubiquitous in nature and relevant for ~10% of all cellular proteins,
posttranslational lipid modifications of proteins show an astonishing variety.
Common motifs include myristoylations, palmitoylations, prenylations, and
cholesterol modifications. All these structures show characteristic membrane
properties. In recent years, we have studied a number of systems and elucidated
the structure and dynamics of membrane embedded lipid modifications of pro-
teins using solid-state NMR methods. In the presentation, a comparison of the
membrane properties of several systems will be given: Farnesylated/hexadecy-
lated Ras, myristoylated GCAP, myristoylated Src, and a transmembrane
model peptide featuring lipid modifications of varying lengths between 2 and
16 carbons. Membrane embedded lipid chains show a remarkable structural
and dynamical variety. For instance, the 16:0 Ras lipid chain can vary its length
between 8.7 and 15.5 A to perfectly match the hydrophobic thickness of the
host membrane. Also, the myristoylation of GCAP perfectly adapts to the thick-
ness of the host membrane. In contrast, the myristoyl chain of Src exceeds the
length of the host membrane lipids because of Born repulsion of the positively
charged amino acids in the direct vicinity of the N-terminal myristoylation. The
projected length of a lipid modification in the membrane is adjusted by the in-
troduction of gauche defects, which can be precisely determined from the *H
NMR data. The compression or elongation of a protein lipid chain with respect
to the chains of the phospholipid host membrane is accompanied by character-
istic changes of the segmental mobility, which is manifested in a distinctive
correlation of ?H NMR nuclear relaxation times and order parameters. Thus,
in spite of fulfilling the same biological function of membrane anchoring, the
structural and dynamical features of protein lipid chains are distinctly different
suggesting an additional role in biology.
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