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The lateral phase separation of cell membrane constituents intoChart 1.

distinct regions called “lipid rafts” is central to important cellular
functions like signal transduction, cell adhesion, and endocyiosis.
These lipid rafts, phase separated domains composed of protein
glycosphingolipids, and cholesterol, are liquid ordered “islands”
moving within a liquid disordered phospholipid bilayer matix.
The localization of cell adhesion molecules (CAMs) within lipid
rafts has recently been shoto play a key role in cell adhesion
and motility. Indeed the modification of adhesive properties caused
by concentrating CAMs within lipid rafts has important medical
consequences, affecting viral attachment to cdifspphocyte and
axon chemotaxié? and cancer cell metastasts.

We have developed a perfluoroalkyl-pyrene membrane anchor
that enables synthetic lipids to phase separate within phospholipid
bilayers in the solid ordereddjsor liquid ordered (J) phases, even
at membrane concentrations as low as 1% molffdhis motif
offers a unique opportunity to create lipid raft mimics; phase
separated domains of synthetic receptors floating within a fiyid |
matrix. Given the key role of lipid rafts in cell adhesion, we aimed
to create rafts of synthetic CAMs in the membranes of vesicles,
then study how they affect the extent of vesicle adhesion. These
simple mimics of cells would be crosslinked through relatively weak
Cu(iminodiacetateyhistidine (Cu(IDA)-His) bonds’8 This inter-
action, withK around 18 M1, is similar in strength to natural
adhesive interactions, like selectin-sialyl Lewis X, which have
individual strengths less than“®1—1.° Thus, we hope that receptor
clustering will enhance these individually weak links as it does in
naturel®

The creation of vesicle assemblies is of great current intéfest,
with both homogeneous vesicle assembBfiend assemblies of
different types of vesiclé&being created. To create the latter, which
have more potential as tissue mimics and functional biomaterials,
we synthesized a complementary pair of CAM mimics: a Cu(IDA)-
capped lipid incorporating our perfluoroalkybyrene motif, Cuf),
and its conjugate receptor, arhistidine-capped lipid® (Chart 1).
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Fluorescent Lipids Cu(1) and Cu(2) with Conjugate
Histidine-Capped Lipid 3
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Given that previous studies had established that lipids containing
perfluoroalkyl groups formed domains in ordered bilayevse
anticipated that Cdj) would phase separate in DMPC/chol vesicles,
which are in thed phase at 28C. However Cuf) should not phase
separate from vesicles composed solely of DMPC; since these are
in the liquid disordered ) phase at 28C, Cu() will be distributed
evenly over the surface of the vesicles. As expected, fluorescence
spectroscopy showed significant phase separation for 1j€u(
DMPC/chol] vesicles, witie/M = 0.5, while only a small amount
of excimer was observed in [CL)¢(DMPC] vesiclesE/M = 0.2.
Receptor CW), at the same 5% mol/mol loading in DMPC/chol
vesicles, did not form any measurable excimer.

Cu(2) is a control compound that does not phase separate in vesicles The formation of vesicle aggregates can be inferred from

of any composition, yet is known to mediate vesicle aggregation
by poly L-histidine? The pyrene groups in Cli( and CuR) have
dual roles; the ratio of excimer to monomer emission intengityl(
ratio) reflects the extent of lipid phase separation, and they also
allow visualization of Cul) and Cu@) containing vesicles by
fluorescence microscopy.

Vesicles (0.8&tm diameter) containing 5% mol/mol of lipids,H
H,2, or 3 (at 1 mM) in dimyristoyl phosphatidylcholine (DMPC)
or DMPC mixed 50 % w/w with cholesterol (DMPC/chol) were
formed by extrusion. Lipids b1, Hy2, or 3 were admixed into the
appropriate phospholipids prior to vesicle formation; the affinity
of the chelating headgroups innHand H:2 for copper(ll) is around
4 x 10/ M~17 so later addition of 1 equiv of copper(ll) afforded
synthetic receptors Cli{ and CuR) quantitatively.

14462 = J. AM. CHEM. SOC. 2006, 128, 14462—14463

increases in solution turbidity and directly observed using fluores-
cence microscopy. Job plots are particularly useful for detecting
vesicle aggregation as the absorbance of a noninteracting mixture
of vesicles can be predicted from the absorbances of the unmixed
suspensions; positive deviations from the predicted absorbance
indicate the formation of vesicle aggregates. Mixing our control
vesicles without any phase separation, [E+IPMPC/chol], with
[3-DMPC/chol] vesicles gave noninteracting mixtures, with no
significant deviation from the expected absorbance and no ag-
gregates observable by fluorescence microscopy. Given that previ-
ous work had shown that poly-histidine can cross-link vesicles
containing Cu@),” this suggests that multivalent interactions with
polymeric ligands are stronger than analogous multivalent interac-
tions between vesicles. In contrast, a positive deviation in absorb-
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Figure 1. Job plots showing changes in turbidity observed for mixtures of
5% mol/mol3 in DMPC/chol vesicles with vesicles containing 5% mol/
mol Cu(l) in DMPC (©) and DMPC/chol @).

Figure 2. Fluorescence micrographs of vesicles containing 5% mol/mol
lipid 3 in DMPC/chol (red) mixed with vesicles containing 5% mol/mol
Cu(2) (blue) in (a) DMPC and (b) DMPC/chol.

ance of 11% was found when [C){DMPC/chol] vesicles were
mixed with [3-DMPC/chol] vesicles, implying the phase separation
of Cu(l) was enabling the formation of vesicle aggregates (Figure
1). In line with this explanation, mixing3fDMPC/chol] vesicles
with [Cu(1)-DMPC] vesicles, which contain only weakly phase
separated Cdj, gave a much smaller<%) deviation in the
absorbance at 700 nm.

To confirm the presence of vesicle aggregates, these three
mixtures were analyzed by fluorescence microscopy. Since 3ipid
lacks a fluorophore, vesicles containiBgvere doped with 0.1%
mol/mol of the red fluorescent membrane dye, rhodamine B DPPE,
which contrasts with the blue fluorescence of Quéand Cup).
Fluorescence microscopy revealed that mixtures with little deviation
in turbidity contained only isolated vesicles ([QHDMPC/chol]

+ [3-DMPC/chol]) or small clusters of vesicles ([A){DMPC]

+ [3-DMPC/chol]). In contrast, mixtures of [CL-DMPC/chol]
and B-DMPC/chol] vesicles showed large aggregates containing
both types of vesicle (Figure 2).

These aggregates, with diameters between 20 andv8@vere
fully formed within 2 min of mixing the two vesicle populations.

phatidylcholine (DSPC) (sphase at 25C), which have extensive
phase separation of CL)((E/M ratio of 0.8), then even larger
aggregates were observed by fluorescence microstopy.

To the best of our knowledge, this is the first time a biomimetic
system has been used to show that the lateral distribution of adhesive
agents within a membrane can directly affect the membrane’s
adhesive properties. It is revealing that partitioning receptors into
adhesive clusters, acknowledged as a major factor in controlling
the adhesive properties of cells, can be replicated and shown to
enhance the adhesive properties of vesicles. This binding enhance-
ment may stem from receptor preorganization, where part of the
entropic penalty inherent in receptor clustering at a binding interface
is prepaid though lipid phase separatidrilternatively, the chelate
effect may enhance vesict@esicle binding; after formation of the
first crosslinking bond to phase-separated Guthis tethering link
between vesicles will facilitate additional intervesicular bonds to
other Cu() receptors in the same phase separated géitie now
hope to exploit this discovery to develop biocompatible tissue
mimics that are structured on a submicrometer scale.
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