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Effect of Temperature and Composition on the situated in the two-phase coexistence region. Compositional
Formation of Nanoscale Compartments in heterogeneities among and in the vesicles prior to rupture may
Phospholipid Membranes produce structural artifacts in the resulting bilayer. To circumvent

this, we have annealed out preexisting heterogeneities in all our
experiments by first heating the supported bilayers past the gel
transition temperature before cooling them back to the coexistence
Department of Physics, Department of Chemistry €gion for imaging. The bilayers were formed from a mixture of
James Franck Institute and = distearoylphosphatidylcholine (DSPC)/dimyristoylphosphatidyl-
Institute for Biophysica| Dynamics choline (DMPC) The binary mixture prOVideS a convenient way
University of Chicago, 5735 South Ellisuénue to examine the effect of lipid composition on the phase-separated
Chicago, lllinois 60637 morphology. DSPC, with four additional carbons in its backbone
) compared to DMPC, has a higher gel transition temperature of
_ Receied March 9, 2001 54 0°C (DMPC has a transition temperature of 235 The
Revised Manuscript Receed June 1, 2001 gel—fluid coexistence for the binary mixture occurs for a range
S : : of intermediate temperatures, and the temperature for the fluid
The lipid bilayer is the main structural element of the cell ~ fluid—gel phase transitiorT() increases with DSPC contéht.

membrane. The ability to maintain compositional heterogeneity B turing the ti luti f the oh ted d .
within the membrane is believed to be important for membrane . y capturing the ime evolution of th€ phase-separated domains

trafficking, signal transduction, selective protein attachments, and in the coexistence region, information about the formation
biomolecular reactions. It has been proposed that membranemeChan'sm can be obtained. .

heterogeneity can be attained either by the self-organization of . We carried out AFM measurements with a Nanoscope IIIA
various lipid species into domainer rafts? or by the formation ~ nstrument equipped with a fluid cell. We controlled the temper-
of a network (composed of a more ordered phase) that separate ture using a NanoScope heating stage, which has been modified
the fluid phase into compartmeritsiere we show that both lipid 0 be programmable._ Using a 100 nm polycarbor)ate membrane,
domains and networks can form in model bilayers. For a binary we prepared the vesicles via the freeseaw extrusion method.

A . . . : The vesicle solution was diluted in pure water with 10 mM of
lipid mixture in the get-fluid coexistence region, the morphology . S
of the gel aggregates can be compact or branched depending ONgCIz to a concentration of 0.650.1 mg/mL, and was injected

the relative lipid content. The compact aggregates form isolated into the fluid ceII.'The bilayer spontaneously fo.rmed on .the mica
domains, while the branched ones form a network. These substrate by vesicle rupture. We kept the vesicle solution in the

; > 1 ) A
structures enable membrane compartmentalization on a nanometefrlu'd cell to avoid bilayer loss: To obtain a fluid bilayer, we

scale. The fact that the phase-separated morphology is tunablénﬁreasf?d the temfe_ratgrfe attal ratet OHEZE OC\//U;]'n to 56°C, hi
with lipid content points to the possibility that the cell can attain where It was maintained for at least an hour. eén approaching

: ; -, . the phase separation regime we cooled the bilayer at a rate of
gf?te:'r:%dmsbl;rafsge geometry by regulating the lipid composition 0.1°C/min® Images with tapping mode were obtained at various

The fluid-mosaic model for cell membradatepicts the lipid points in the two-phase coexistence regime at constant temper-

; : : . atures.
bilayer as a structureless two-dimensional solvent for the associ-2 . . . .
ated proteins. Shortly after its proposal, evidence supporting the fvg/% has\/lse exaor|n|7n/§d Ellayer:s% /‘;f D.S':C/ Dl\t/IhPC W:th rr]nass fratlos
existence of a lipid bilayer with complicated lateral structure began ol ’ ; an - rora mixture, the gel phase forms
to emerge. Recently domains of the order of 1On have been d|sc0nnected nuc!eatllon sites that grow into smpoth, compact
observed in lipid bilayers of giant vesicleédemonstrating that ~ d°Mains as seen in Figure 1a. When the proportion of DSPC is

lateral phase separation can exist in membranes. These domain§nCreaseOL domain growth becomes more rapid and the domains

however, are much larger than those on the nanometer rangealttalin a branched morphology. Figure d shows typical gel-

: : . : - hase domains for a DSPC/DMPC mixture with a mass ratio of
predicted by simulations or suggested by experimental findings P - . .
and may have little relevance to domain formation in vivo. Atomic 5/5. The D'S.PC-I’IC.h gel aggregate grows by adding matengl to
force microscopy (AFM) has been successfully used to image the extremities as indicated in Figure 1d (see arrows). The time-
phase separation in organic thin filfho explore the morphology QVOLUIIOH .oflgel-phazse_:”c]iorgamshfor a3 DSdPC/D'\tAPﬁ bf|layer
and dynamics of domain growth resulting from lateral phase IS shown in Figure 2. 1he branches grow and eventually form a

separation on the nanometer length scale, we have performe(f'eFWork (see Figure 2d). Our experiments show that for any_lip!d
temperature- and time-dependent-AFM measurements on modef2lio where the gel phase forms branched aggregates, similar
supported bilayers. There have been previous attempts to imagé]et""orks eventually appear.

nanoscale lateral heterogeneities in supported bilayers usingt Astshgvgn ianithJ]resdlcad and 2, ,i[t tloclT?]_for thetﬁrar;ches
AFM.%10 In these studies, bilayers were deposited on solid o €Xt€Nd DY a few hundreéd nanometers. 1Nis growth rate is very

; . mall compared to diffusion time scales in supported bilayers.
substrates by vesicle rupture and imaged at a constant temperaturl?,he molecﬁlar diffusion coefficient for a fluid supppported bila{/er

Adrian S. Muresari,Haim Diamant and Ka Yee C. Lee?

' Department of Physics and Institute for Biophysical Dynamics. at 23°C was measured to be 4ufn?/s!? As we expect our fluid
;%%mes Franck Institute. . . . . phase to have a diffusion coefficient of the same order, that is,
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Figure 2. Time evolution of the gel phase domain and the formation of
a network in a DSPC/DMPC mixed bilayer with a 7/3 mass ratio. The

AFM images were obtained using tapping mode under fluid conditions
Figure 1. AFM micrographs of DSPC/DMPC mixed bilayers at different  at 40 °C. The images were taken at time g O, (b) t = 33 min,

mass ratios imaged at temperatures in the phase coexistence region. (ajc) t = 46 min, and (d} = 74 min. Each domain continues to grow with

For a 3/7 bilayer at 30C, smooth, compact domains are formed. (b) For  time by extending existing branches as well as forming new ones. The

a 5/5 bilayer at 4TC, branched aggregates are formed. The growth of pranches of different domains eventually form a network. Scale bar:

an aggregate in a 5/5 bilayer is captured in (c) and (d),ntdké apart 500 nm.

at 40°C. The white arrow in (d) points to the formation of a branch in

the gel phase at a location that would be screened if diffusion were the also disagree with a previous propdsdhat the gel phase is less

dominant mechanism; the black arrows show some other examples oféfficient in compartmentalizing the membrane when a higher

growth at the endpoints of the aggregate. Scale bar: 500 nm. fraction of DSPC is present. We provide here opposing evidence
for a pattern-selection mechanism that forms a network at

present and more compact when the proportion of DSPC in the sufficiently high DSPC ratios.
lipid mixture is increased, contrary to our observation (see Figure  The experiments reported here are potentially relevant to the
1, a and b-d, respectively). Note that the 7/3 mixed bilayer composition, structure, and function of biological membranes.
(Figure 2) exhibits faster growth than the 5/5 mixture (Figure Using a simple two-component model system, we show that
1c,d). Although the temperatures at which these two systems werenanoscale phase separation can be readily observed in lipid
imaged differ only by at most 1C, T for the 7/3 case is about  bilayers. Similar structures should also be detectable in multi-
5 °C higher than that of the 5/5 mixtubeThus, the 7/3 system  component membranes in the form of lipid domains. The branched
was, in effect, quenched deeper into the coexistence region. Themorphology increases the boundary between coexisting phases,
observed trend toward faster growth with the extent of under- which might play a role in enhancing the activity of certain
cooling is consistent with the phenomenology of phase-ordering proteins. It has been shown, for instance, that the activity of
kinetics!* On the other hand, effects induced by the mica substrate phospholipase Aincreases with perimeter between coexisting
cannot be ruled out. phaseg® The formation of both isolated domains and networks
Previous results from small angle neutron scattering experi- that segregate the fluid phase, shows that the lipid bilayer, by
mentg on binary Iipid vesicles pointed to fractal-like structures jtself, can form separate compartments, making it possible to
in lipid bilayers}® in accord with the branched morphology  achieve and maintain long-lived compositional differences within
reported here for the 5/5 and 7/3 mixtures. The direct observation 3 single membrane. This compartmentalization of the lipid bilayer

of a network in our two-component system provides proof for its is particularly important in preferentially triggering biochemical
existence in lipid bilayers; such networks have been suggestedreactions on the membraié®

by fluorescence recovery after photobleaching tathe time
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