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Correlating Obstructed Diffusion with Obstacle Morphology using Single
Molecule Tracking and AFM in Supported Lipid Bilayers
Michael J. Skaug, Roland Faller, Marjorie L. Longo.
University of California Davis, Davis, CA, USA.
Biophysical research has shown that membrane phospholipids and proteins dif-
fuse not only under normal Brownian diffusion, but with confined and anomalous
behavior. We are motivated to understand this anomalous diffusion because it may
be involved in many cell functions. We have used single molecule tracking on
phase separated, supported lipid bilayers to investigate the origin of this unusual
diffusion. DSPC forms ~250 nm, gel phase domains that act as obstacles to diffu-
sion in the DOPC continuous liquid phase. Incorporated into the fluid phase at very
low concentration is DMPE labeled with Alexa Fluor 647. When combined with
the low background of a single supported bilayer on a quartz substrate, this high
quantum yield dye yields a signal to noise ratio greater than 10. By controlling
the gel domain morphology and characterizing it with atomic force microscopy,
we can correlate the observed single molecule diffusion with the obstacle charac-
teristics. We also compare our results to simulated Brownian diffusion in the pres-
ence of experimentally determined obstacle fields. An understanding of this cor-
relation will aid studies that cannot directly characterize the obstacles to diffusion.
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Novel Probes for Sensing Lateral Stress in Membranes
Natalia Goehring, Anca Margineanu, Richard Templer, Oscar Ces.
Imperial College London, London, United Kingdom.
An understanding of the link between lipid composition and biomechanical proper-
ties of the bilayer (e.g. the lateral pressure and bending rigidity) is key to understand-
ing the mechanisms that underpin lipid-protein interactions. Whilst it is now possi-
ble to determine parameters such as the spontaneous curvature and bending rigidity
of lipid bilayers, evaluation of the lateral pressures within membrane systems re-
mains elusive. Here, we present a novel platform based upon fluorescent probes
that are able to sense the stored stresses within lipid bilayers and show how these
correlate with the make-up of the membrane. In particular, we have used this system
to study the effect of phosphatidylinositol lipids upon model membrane systems.
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Lipid Diffusion in Tethered Bilayer Lipid Membranes (tBLMs)
Siddharth Shenoy1, Radu Moldovan1, Samuel Rauhala1, David Vanderah2,
Mathias Loesche1.
1Carnegie Mellon University, Pittsburgh, PA, USA, 2National Institute of
Standards and Technology, Gaithersburg, MD, USA.
The complexity of cells makes molecular-scale characterizations of structure and in-
teractions of biomembranes in vivo extremely difficult, thus driving the development
of synthetic membrane models. tBLMs are resilient biomimetic systems stabilized
by the proximity of an inorganic interface.1,2 We characterize their in-plane structure,
dynamics and dielectric properties using fluorescence microscopy, fluorescence cor-
relation spectroscopy (FCS) and electrochemical impedance spectroscopy (EIS).
The in-plane dynamics of tBLMs depend on structural details of the anchor lipid
and its lateral density in the bilayer leaflet proximal to the substrate.3 In tBLMs
with homogeneous lateral label distributions, the fluidity of the distal leaflet is com-
parable to that in vesicle membranes (2D diffusion constant, D ~ 7 mm2/s) while that
in the proximal leaflet is moderately reduced (D ~ 2-3 mm2/s). tBLMs completed with
phytanoyl lipids (DPhyPC) show lower label diffusivity than those completed with
unsaturated chains (DOPC). In laterally heterogeneous bilayers, the label diffusivity
varies only slightly, indicating that distinct regions in the bilayers do not correspond
to distinct phases. Concurrently, we investigate the effect of charged lipids (DOPS)
and cholesterol on lipid diffusivity. This aims at a characterization of changes in
membrane dynamics as amyloid-b (Ab) oligomers associate with tBLMs where
they have been shown to affect the resistance of the bilayer to ion conduction.4,5
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1McGillivray, D.J., et al. 2007. Biointerphases 2:21-33.
2Vockenroth, I.K., et al. 2008. Biointerphases 3:FA68-73.
3Shenoy, S., et al., 2009. Soft Matter, submitted.
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Monitoring Submicron and Micron-Size Membrane Compartments using
Quantum Dots Monovalently Conjugated to Tracer Molecules
Amanda P. Siegel1, Daniel E. Minner1, Michael J. Murcia1,
Jeffrey S. Elmendorf1, Kenneth Ritchie2, Christoph A. Naumann1.
1Indiana University Purdue University Indianapolis, Indianapolis, IN, USA,
2Purdue University, West Lafayette, IN, USA.
The current paper describes the application of highly-photostable quantum dot
(QD)-conjugated lipids and membrane proteins to explore membrane compart-
mentalization in model and plasma membranes over a wide range of length and
time scales. A rigorous screening protocol is described that assures the bioinert-
ness of QD coatings and the monovalent binding of QDs to tracer molecules.
Here, the quality of several bioinert surface coatings is tested by determining their
impact on the colloidal stability of CdSe/ZnS QDs in aqueous solution using con-
focal fluorescence correlation spectroscopy. The monovalent binding of QDs to
tracer molecules is verified using a sensitive single molecule tracking assay, which
is based on QD-conjugated lipids in a solid-supported lipid bilayer. Three different
examples are discussed, in which QD-tracking probes are successfully employed
to elucidate the membrane organization in model and plasma membranes. Track-
ing experiments on compartmentalized polymer-tethered lipid bilayers illustrate
that, unlike organic fluorescence dyes, photostable QD-based membrane probes
are well-suited to detect micron-size compartments with partially permeable dif-
fusion barriers. Results from wide-field single molecule fluorescence microscopy
experiments with frame rates of up to 1000 fps on several cell lines show that QD-
conjugated tracer molecules are well-suited for fluorescence-based, long-term,
high-speed tracking experiments in plasma membranes. Finally, we discuss
changes in membrane compartmentalization induced by insulin as shown through
tracking results from QD-conjugated transferrin receptors in healthy and insulin-
resistant adipocytes and the impact of chromium picolinate on receptor mobility.
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Phase Behavior and Molecular Interactions of Membranes Containing
Phosphatidylcholines and Sterol: A Deuterium NMR Study
Ya-Wei Hsueh, Ming-Yen Kuo, Mei-Ting Chen.
Dept. of Physics, National Central Univ., Jhong-li, Taiwan.
We study the phase behavior and properties of model membranes containing DPPC
and POPC with or without sterol using 2H-NMR. The sn-1 chains of POPC and
DPPC are deuterium-labeled in turn, such that information regarding each lipid
component can be obtained. NMR spectra were taken as a function of temperature.
The chain order of DPPC is greater than that of POPC in all mixtures studied. In
DPPC/POPC binary mixtures, coexistence of solid-ordered (so) and liquid-disor-
dered (ld) phases is observed in a wide temperature range. The results for ternary
mixtures show that the addition of sterol promotes the formation of the liquid-or-
dered (lo) phase. Furthermore, the influence of ergosterol on the lipid-lipid interac-
tions is not as robust as that of cholesterol. Cholesterol enhances the DPPC-POPC
interaction significantly. The phase behaviors of ternary mixtures will be discussed.
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Evidence of Coexisting Phases in Binary Mixtures of POPC/ceramide3
Raghu S. Masala1, Cristiano L.P. Oliveira2, Jan S. Pedersen2,
Beate Klösgen1.
1Department of Physics and Chemistry, MEMPHYS - Center for
Biomembrane Physics, University of Southern Denmark, Odense, Denmark,
2iNANO - Interdisciplinary Nanoscience Center, Aarhus University,
Århus, Denmark.
Stratum corneum, the uppermost layer of skin epidermis exhibits an unusual lipid
composition consisting mostly of long-chain asymmetric ceramides with different
head groups, both saturated and unsaturated. Small-angle X-ray scattering (SAXS)
was used to investigate the impact of one of the aforementioned ceramides, Ceram-
ide3 (Cer3), on the structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) host membranes. Results on the composite model system for three
mole ratios Cer3:POPC (5:95; 10:90; 15:85) are presented and compared to prop-
erties of the pure systems. All methods applied so far (SAXS, DSC, confocal mi-
croscopy) reveal non-ideal miscibility of the two components with macroscopic
separation of coexisting phases of different rigidity, indicating a coexistence of
two lamellar POPC-rich phases with crystalline Cer3 in all the binary mixtures.
An especially developed 4G hybrid approach based on a modified Caillé theory
was used to model the POPC-rich phases in the temperature range of [0�C,
90�C]. Average structural parameters such as bilayer thickness, lamellar repeat
distance and Caillé parameter were extracted from the model together with the
electron density profile for the coexisting POPC-rich phases. For the crystalline
structure of pure Cer3 a distorted orthogonal unit cell was found by indexing. In
summary, binary mixtures of Cer3:POPC exhibit a complex arrangement within
the lipid matrix that we try to file into a simple model to account for the results.
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Physical Properties of the Lipid Diphytanoyl Phosphatidylcholine (DPhPc)
used for Ion Channel Measurements
Dino J. Dieudonné1, Philip A. Gurnev2, Adriana L. Rogozea1,
Bruce D. Ray1, Horia I. Petrache1.
1Indiana University Purdue University Indianapolis, Indianapolis, IN, USA,
2National Institutes of Health, Bethesda, MD, USA.
The synthetic lipid diphytanoyl phosphatidylcholine (DPhPC) has been com-
monly used in measurements of ion-channel activities and in studies of
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peptide-lipid interactions. As opposed to most natural lipids, DPhPC is more
chemically stable, and therefore, it can provide for a more robust model of lipid
membranes. However, despite its frequent use, DPhPC has been less investi-
gated than other PC lipids. To measure the physical properties of DPhPC mem-
branes we employ a combination of complementary methods that include x-ray
scattering, Nuclear Magnetic Resonance (NMR), and osmotic stress. By X-ray
scattering, we obtain the repeat distances (D-spacings) of multilamellar struc-
tures formed by DPhPC in solution. By applying osmotic stress, we are able to
modify and control intermembrane spacings and molecular conformations, the
latter measured by NMR. These structural measurements together with ion
channel activity measurements using the standard gramicidin A channels allow
us to compare DPhPC with more common and better studied PC lipids. In this
way, we can help rationalize the use of DPhPC as a model membrane for stud-
ies of membrane function.
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Protein-Lipid Interaction and Domain Formation in Asymmetric
Membranes
Salvatore Chiantia1, Petra Schwille2, Erwin London1.
1Stony Brook University, Stony Brook, NY, USA, 2BIOTEC - Technical
University Dresden, Dresden, Germany.
The lateral organization of lipids and receptors in cellular membranes is con-
nected to a multitude of biological and pathological processes. The role of sphin-
golipid- and cholesterol-rich lipid ‘‘rafts’’ as membrane domains that control
protein-protein interaction has recently attracted much attention. While the
model membrane approach has yielded fundamental insights into cell membrane
structure and function, the majority of these studies did not take into account the
very important asymmetry between the composition of the inner and the outer
leaflets of cell membranes. Therefore, certain key questions remain still unan-
swered: for example, how is the partition of membrane components in raft do-
mains affected by the presence of non-raft lipids in the inner leaflet? To answer
questions of this type we have developed a new method based upon cyclodextrin-
induced lipid exchange to create giant unilamellar vesicles (GUVs) featuring the
same type of asymmetry encountered in biological membranes. These vesicles
can be produced with a very large yield, while avoiding use of organic solvents.
The asymmetry of the bilayer can be confirmed by leaflet-targeted Fluorescence
Correlation Spectroscopy (FCS). The use of asymmetric GUVs as novel model
bilayers should allow the investigation of the principles underlying communica-
tion between raft-like domains in opposite leaflets of the bilayer, as well as in-
vestigation of the origin of lipid and membrane protein affinity for rafts.
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Thermal Energies and Invariant Lipid Structures
Pat DeMoss, Horia I. Petrache.
Indiana University Purdue University Indianapolis, Indianapolis, IN, USA.
Biological membranes pose many interesting problems amenable to a physicist’s
perspective. A central effort of a physicist is to discover invariant properties as
conditions and systems change. As an example, for a lipid bilayer system one
can vary the type and length of the hydrocarbon chains, in addition to the specific
lipid headgroup. Furthermore, lipid bilayers in solution exhibit a range of molec-
ular motions with amplitudes determined by the available thermal energy. How
will membrane properties behave under these changes? The theoretical frame-
work to answer this question is within classical equilibrium thermodynamics.
We use a mean-torque potential model [1] to analyze order parameter data
from solid-state NMR measurements on lipid bilayers to describe how bilayer
properties scale with temperature and acyl chain length. We find an invariant de-
scription of acyl chain packing, which allows us to address the correspondence
between changes in acyl length and changes in temperature. We present the func-
tional form of this scaling relationship, the conclusions that can be drawn from
such a temperature study, and how this invariance is ultimately a step in determin-
ing the guiding principles of lipid mixture organization in biological membranes.
[1] H. I. Petrache, S. W. Dodd, and M. F. Brown. Biophys. J. 2000, 79:3172-3192.
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Specific Spatial and Orientational Order in Phospholipid Membranes
Induced by Cholesterol
Hector Martinez-Seara1, Tomasz Rog1, Mikko Karttunen2, Ramon Reigada3,
Ilpo Vattulainen1,4.
1Tampere University of Technology, Tampere, Finland, 2The University
of Western Ontario, London, ON, Canada, 3Barcelona University,
Barcelona, Spain, 4Helsinki University of Technology, Helsinki, Finland.
Cholesterol plays a major role in formation of laterally ordered membrane struc-
tures such as lipid rafts. These domains have been found to be involved in a va-
riety of cellular functions, implying that there is immediate interest to understand
the structure as well as the dynamics of rafts, and in particular the role of choles-
terol in promoting order in rafts. Nonetheless, due to the molecular scales asso-
ciated with lipid rafts and the soft nature of membrane domains overall, the
atomic-level mechanisms responsible for cholesterol’s specific ordering capa-
bility have remained unresolved. Our atomistic simulations [1] reveal that this
ordering and the associated packing effects in membranes largely result from
cholesterol’s molecular structure, which differentiates cholesterol from other
sterols. Cholesterol molecules are found to prefer a specific spatial and orienta-
tional molecular in-plane organization, where cholesterol molecules are located
in the second coordination shell, avoiding direct cholesterol-cholesterol con-
tacts, and forming a three-fold symmetric arrangement with proximal choles-
terol molecules. At larger distances, the lateral three-fold organization is broken
by thermal fluctuations. Other sterols having less structural asymmetry are found
to lack the three-fold arrangement that is characteristic to cholesterol.
[1] H. Martinez-Seara, T. Róg, M. Karttunen, I. Vattulainen, and R. Reigada.
Manuscript under review (2009).
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Near-Field Structural Studies of Lipid Bilayers
Merrell A. Johnson, Ricardo Decca.
IUPUI, Indianapolis, IN, USA.
We use a Near-field Scanning Optical Microscope (NSOM) in conjunction with
a Photo Elastic Modulator (PEM) to conduct birefringence (ne-no) measure-
ments with a spatial resolution of ~80nm. With our current setup we are able
to distinguish changes in retardance S on the order of 10-4 radians. Simulta-
neously while gathering information about S we extract information about
the samples optical orientation q referenced to the system’s axis, with an accu-
racy of ~7.24x10-4 radians. We use our system on 1,2-dipalmitoylphosphati-
dylchorline (DPPC) bilayers, which at room temperature are in the gel state,
(i.e.: their acyl chains have a ~32o degree azimulthal tilt with respect to the
membranes normal). Modeling the membrane as a uniaxial crystal we are
able determine the position of the acyl chains by measuring the birefringence
and optical orientation. By controlling the temperature of our sample we
hope to better study the structural changes that occur during phase transitions
from gel to liquid states. The investigation of other lipid mixtures and the trans-
formations they undergo during different phases will also be discussed.
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Calgary Lipids: A Lipid Force Field for Molecular Simulations
Luca Monticelli1, Emppu Salonen2, D. Peter Tieleman3.
1INSERM, Paris, France, 2Aalto University, Espoo, Finland, 3University of
Calgary, Calgary, AB, Canada.
Lipid bilayers are fundamental components of biological membranes. The most
biologically relevant state of lipid bilayers is the fully hydrated fluid phase
(fluid-disordered or liquid-ordered). Due to their fluidity, it is not possible to
obtain experimentally atomic level structures of single bilayers. Computer sim-
ulations have been widely used to study lipid bilayers, providing detailed struc-
tural information that can aid the interpretation of experimental results. A large
body of literature is available on simulations of lipid bilayers, but different
studies used different simulation conditions and different force fields, which
makes it difficult to compare results for different lipids.
We present here a new united-atoms force fields for lipids, compatible with
common protein force fields. Partial charges and dihedral angle profiles were
derived from quantum mechanics calculations on lipid fragments, while Len-
nard-Jones parameters were tuned by fitting thermodynamic data for simple
molecular building blocks. We built a library of structures of 60 different lipid
bilayers, generated using molecular dynamics simulations in identical condi-
tions. The library provides comparable structural data for bilayers with 4 differ-
ent head groups and 15 pairs of acyl chains, including the most common lipid
molecules. Structural parameters (such as the area per lipid and the electron
density profiles) as well as dynamic properties (diffusion coefficients, deute-
rium order parameters) have been calculated for each bilayer, allowing for
a systematic analysis of the effect of chain length, chain unsaturation and the
chemical nature of the head group.
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Viscoelastic Properties of Plasma Membranes Varies with Cholesterol
Level
Nima Khatibzadeh1, Sharad Gupta2, George Durm2, William Brownell3,
Bahman Anvari2.
1Department of Mechanical Engineering, University of California, Riverside,
Riverside, CA, USA, 2Department of Bioengineering, University of
California, Riverside, Riverside, CA, USA, 3Bobby R. Alford Department of
Otolaryngology-Head and Neck Surgery, Baylor College of Medicine,
Houston, TX, USA.
Cholesterol is an important lipid component of mammalian cell plasma mem-
branes. It contributes to the biophysical properties of the membrane, and plays
an important role in the regulation of the membrane protein function.
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