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Arrays of Mobile Tethered Vesicles on Supported Lipid Bilayers
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We report a novel system for creating two-dimensional arrays 3
of mobile vesicles spatially encoded on the surface of a fluid- A n,
supported lipid bilayer by oligonucleotide tethérBhis architecture g
should have a wide range of applications in membrane biophysics,
biotechnology, and colloid and interface science.

The concept of oligonucleotide-tethered arrays of mobile vesicles
is schematically represented in Figure 1A. Fluid-supported lipid
bilayers are first prepared by vesicle fusion to a glass substrate
using vesicles that display short oligonucleotides (sequence A and/
or B) on their surfacé.Subsequently, fresh vesicles displaying the
antisense oligonucleotide (denoted &nd B, respectively) are
flowed over the planar supported bilayer leading to sequence-
specific tethering of these intact vesicles to the supported bifayer.
The tethered vesicles can be individually visualized by fluorescence
microscopy, either by labeling a small fraction of the lipids
comprising the vesicle or by entrapping a water soluble fluorescent
dye as illustrated in Figure 1A and described befow.

Control experiments demonstrating the specificity of binding
show that intact vesicles do not become associated with the
supported bilayer unless an oligonucleotide with the correct
complementary sequence is present. Furthermore, vesicle tethering
is not observed when the supported bilayer displaying an oligo-
nucleotide sequence is first exposed to the free antisense oligo-
nucleotide, which blocks further binding. Because the tethering
mechanism contains information encoded in the oligonucleotide
sequence, the location of vesicle tethering, including whatever lipids, Figure 1. (A) Schematic diagram of the tethering of vesicles displaying

proteins, and/or contents are associated with the particular oligo- différent oligonucleotides (denoted Agreen content labeled, and, Bed
lipid labeled) on their lipid headgroups to complementary sequences

nucleotide sequence displayed by the vesicle, can be controlled Wlth(denoted A and B, respectively) displayed on a fluid-supported lipid bilayer
precision. This is demonstrated by creating patterned bilayer formed on a patterned surfaz@he information encoded in the oligonucle-
surface&displaying different oligonucleotide sequences in different otide sequence results in specific attachment of the vesicles to the supported
corralled regions, as illustrated in Figure 1A, using methods lipid bilayer while maintaining the ability to diffuse in two dimensions.

. . . e Note that the drawing is not to scale: vesicles ranging in diameter from 30
described egrller for simple lipidsFigure 1B .Shows an examP'e to 200 nm have been tethered, while a typical 24-mer is about 8 nm in
where two different 24-mer sequences are displayed on the bilayeriength and the bilayer is approximately 5 nm thick. (B) Self-sorting of
in a spatially defined array of a patterned bilayer surface from left vesicles displaying different oligonucleotides and corresponding different
to right. Upon adding a mixture of vesicles, each bearing one or compositions (as in Aand B in Figure 1A) onto a patterned supported

: : . . bilayer surface displaying different amounts of the complementary oligo-
the other antisense oligonucleotide headgroup, one with a 9r€eN, icleotide from all A on the left to all B on the right. Gridlines of

content label and the other with a red lipid label, the mixture is fipronectin, 50um apart, were stamped on the surface of a cleaned glass
sorted by the patterned surface, reflecting the positions of their substrate by microcontact printifgand a supported bilayer was formed
compliment on the surface. This sorting process demonstrates thedisplaying two different 24-mer oligonucleotides (as in A and B, Figure
sequence-specific binding of different vesicles to the surface. LA in a spatially defined array using flow techniquésTwo types of
S | teth icl L ish lari vesicles displaying the complementary oligonucleotides, green content

) In_d'V'dua tet er.ed Ves_lc es can be distinguished as granu {:\I’Ity labeled 100 nm diameter vesicles with oligonucleotide-A5-GAG TAT
in Figure 1B. Vesicles diffuse parallel to the plane of the fluid- TCA ACATTT CCG TGT-3 and red lipid labeleti50 nm diameter vesicles
supported bilayer because they are tethered to a lipid, and this iswith oligonucleotide B=5-TCC TGT GTG AAATTG TTA TCC GCT-
best visualized by video microscopihe trajectories of individual 3 on its surface, were premixed and then incubated with the patterned
diffusi il b d by singl ticle tradki bilayer. After rinsing away excess unattached vesicles, the vesicles tethered

ifusing Ves'c_ es can .e measured by single particle raCking  egijcles are arrayed, reflecting the oligonucleotide composition displayed
over long periods of time because many dyes are present peron the patterned bilayer array.
vesicle? A few example trajectories are shown in Figure 2A, the
mean square displacement as a function of time in Figure 2B, andvesicle size, vesicle composition, density, and confinement on the
a histogram of diffusion constants in Figure 2C. The average value surface will be reported separately. Tethered vesicles are observed
for the typical experiment shown is Qu@n?/s, comparable to those  to collide reversibly on the surface without loss of contents or
observed for lipids in a supported bilayér2 The diffusion mixing of lipids, and they move rapidly in response to an electric
properties of tethered vesicles as a function of tethering length, field.13 If the surface is patterned by mechanically scratching the
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Figure 2. Visualization of individual tethered vesicles and their mobility.
(A) Individual egg phosphatidylcholine vesicles containing 1% Texas Red
DHPE and displaying the 24-mer sequenéed&C GGA TAA CAATTT

CAC ACA GGA-3 were tethered to the complementary sequence displayed
on a supported lipid bilayer. The 2D diffusive motion of some vesicles is
shown and is best visualized by video microscéB) Examples of mean-
square displacement (MSD) versus time plots of four vesicles analyzed using
unweighted internal averaging over all time p#irand their least-squares
fits up to the 15th time interval (lines through the dafes= 25 °C). The
diffusion coefficient is given byD = MSD/4t for a random walk in two
dimensions’ Each vesicle was tracked for 100 time steps at 500 ms
intervals. (C) Histogram of diffusion coefficients of 57 vesicles for a typical
experiment using 100 nm vesicles labeled with 1% Texas Red DHPE
attached to a supported bilayer. The mean valub ef 0.9 um?/s.

supported bilayet,* which leaves a gap on the surface, or with
microcontact printed protein barrie¥sthe tethered vesicles do not
stick at the edges.

Since it is straightforward to incorporate integral membrane
proteins into vesicles (but not into supported bilayers), this strategy

(2) An example preparation of oligonucleotide-modified vesicles. A mixture
of lipids containing egg phosphatidylcholine and 0.5 mol % of reactive
lipid, 1,2-dipalmitoylsnglycero-3-phosphoethanolamimef3-(2-py-
ridyldithio)propionate] (sodium salt) (N-PDP-PE, Avanti Polar Lipids),
and fluorescently labeled lipid, Texas Red 1,2-dihexadecasmeglycero-
3-phosphoethanolamine (TR DHPE, Molecular Probes) in chloroform, is
dried to a film, reconstituted in buffer (100 mM borate, 50 mM citrate,
100 mM NacCl, 2 mM EDTA, pH 8.0) to 25 mM and extruded through a
50 nm polycarbonate membrane (Avanti) to form vesicles. An oligo-
nucleotide modified with a disulfide group on théénd (IDT DNA
technologies) is first reduced to expose a free sulfhydril functionality with
10 molar excess tris(2-carboxyethyl)phosphine (TCEP), then added to the
vesicle solution to a final DNA concentration of %M and lipid
concentration of 13 mM. The DNA attaches to the outside surface by a
disulfide exchange reaction on average2lper vesicle, estimated using
an assay based on the fluorescence of a labeled antisense oligonucleotide.
Vesicles are isolated on a Sepharse CL-4B gel filtration column with the
same buffer as eluant. Supported bilayers displaying oligonucleotides are
formed on a cleaned glass coverslip by vesicle fusion as described earlier
for simple lipids (Salafsky, J.; Groves, J. T.; Boxer, S.BBochemistry
1996 35, 14773-81), and excess vesicles are rinsed away with copious
amounts of buffer. Vesicles, at approximatelya in lipids, displaying
the complementary oligonucleotide, are incubated with this bilayer at room
temperature for 30 min followed by further rinsing with buffer to remove
free, unattached vesicles. Similar procedures were used to prepare vesicles
varying in size from 30 to 200 nm and oligonucleotide lengths of 16 to
24 bases.

(3) Intact, tethered vesicles have been previously reported in the literature.
These systems do not to our knowledge show lateral mobility, and because
a single linkage type was used, multiple types of vesicles encoded by the
linkage could not be displayed. Systems include the following: Biotin/
Avidin—monolayer on Gold: (a) Jung, L. S.; Shumaker-Parry, J. S.;
Campbell, C. T.; Yee, S. S.; Gelb, M. H. Am. Chem. So200Q 122,
4177-84. Biotin/Avidin—supported bilayer: (b) Boukobza, E.; Sonnen-
feld, A.; Haran, GJ. Phys. Chem. B001, 105 12165-70. Chemisorption
of vesicles onto gold films: (c) Stanish, I.; Santos, J. P.; Singld, Am.
Chem. Soc2001, 123 1008-9.

A typical lipid labeled vesicle preparation includes 1 mol % Texas Red

DHPE, so a single 100 nm diameter vesicle contains approximately 1000

fluorophores. A 100 nm vesicle entrapping 10 mM Oregon Green 488

carboxylic acid contains approximately 2300 dye moledules.

(5) Groves, J. T.; Boxer, S. QAcc. Chem Re<2002 35, 149-57.

(6) Kung, L. A.; Kam, L.; Hovis, J. S.; Boxer, S. Gcangmuir 1999 16,
6773-6.

(7) See Supporting Information for a video of diffusing vesicles, Movie 1.

(8) Qian, H.; Sheetz, M. P.; Elson, E. Biophys. J.1991, 60, 910-21.

(9) Saxton, M. J.; Jacobson, Knnu. Re. Biophys. Biomol. Structl997,

26, 373-99.

(4

=

provides a direct route for preparing arrays of integral membrane (10) Lee, G. M.; Jacobson, KCurrent Top. Membr1994 40, 111-42.
proteins or more complex membrane-associated assemblies. Fur-(11) Lee, G. M.; Ishihara, A.; Jacobson, K. Rroc. Natl. Acad. Sci. U.S.A.

thermore, because the vesicles are mobile and can be individually
visualized, this system is well suited for studying interactions
between membrane-associated proteins on different vesicles, for
example, during the process of protein-mediated vesicle fusion; this
will be reported separately.
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