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The mechanisms by which a cell uses and adapts its functional
membrane organization are poorly understood and are the subject
of ongoing investigation and discussion. Here, we study one
proposed mechanism: the crosslinking of membrane components.
In immune cell signaling (and other membrane-associated pro-
cesses), a small change in the clustering of specific membrane
proteins can lead to large-scale reorganizations that involve nu-
merous other membrane components. We have investigated the
large-scale physical effect of crosslinking a minor membrane com-
ponent, the ganglioside GM1, in simple lipid models of the plasma
membrane containing sphingomyelin, cholesterol, and phosphati-
dylcholine. We observe that crosslinking GM1 can cause uniform
membranes to phase-separate into large, coexistent liquid ordered
and liquid disordered membrane domains. We also find that this
lipid separation causes a dramatic redistribution of a transmem-
brane peptide, consistent with a raft model of membrane organi-
zation. These experiments demonstrate a mechanism that could
contribute to the effects of crosslinking observed in cellular pro-
cesses: Domains induced by clustering a small number of proteins
or lipids might rapidly reorganize many other membrane proteins.

ganglioside � clustering � cholera toxin � bilayer

Crosslinking or clustering of specific biological membrane
components is an indispensable element of many mem-

brane-associated processes. In receptor signaling, transport ves-
icle biogenesis, cell polarization, and viral budding, a critical
clustering event coincides with and is necessary for the initiation
of a complex cellular process. Proposed mechanisms for these
observations vary significantly between different experimental
systems, and there is no expectation that the same mechanism
should apply to each case. However, a recurring theme is that
crosslinking (clustering or oligomerization) induces or stabilizes
a structure that then recruits downstream machinery (1–6). The
correlation between crosslinking and membrane domain forma-
tion is particularly well established for immune-recognition
receptor signaling in B, T, and mast cells (7–10). Here, we
demonstrate in simple model membranes that crosslinking of a
minor lipid species can induce membrane domains to form by
promoting large-scale phase separation.

The lipid raft hypothesis (1, 11) is a prominent model of
cellular membrane organization. Discussions of individual cel-
lular membrane functions often invoke the involvement of lipid
rafts. This model proposes that some membrane proteins are
segregated from each other by their preferential partitioning
into regions of different membrane order, perhaps different
phase, within a continuous cellular membrane. The interplay
between lipid membrane phase behavior and lateral protein
distribution is proposed to be involved in fundamental mem-
brane-associated cellular processes, including signaling, endocy-
tosis, exocytosis, protein sorting, polarization, motility, and
several stages in the infectious cycle of many viruses (1–4, 6,
11–16).

Membrane phase behavior has been studied in mixtures of
membrane-forming lipids for many decades (17, 18), and these
early studies were important in developing the fluid mosaic
model of cellular membranes (19). Subsequent studies of bio-
logical membrane heterogeneity and the role of cholesterol have
refined this view and now define two different fluid phases:
liquid disordered (Ld, also called L�) and liquid ordered (Lo) (1,
20). The raft hypothesis proposes that some of the observed
heterogeneity of biological membranes may arise from the
coexistence of fluid phases or phase-like domains and that
critical membrane proteins vary in their intrinsic affinity for
these two membrane environments.

To date, only membranes that include cholesterol or other
sterols are observed to form Lo membranes (21, 22). Some
three-component mixtures that include cholesterol can form
continuous membranes that have coexisting domains of Lo and
Ld on a size scale that is resolvable by light microscopy (23, 24).
The present study makes use of model membranes formed by
using several well defined ratios of cholesterol, sphingomyelin
(Sph), and dioleoylphosphatidylcholine (DOPC) and other com-
ponents. Mixtures of these lipids have been used as simple
models of the plasma membrane outer leaflet, and the equimolar
mixture of cholesterol, Sph, and DOPC has been referred to as
a ‘‘raft mixture’’ (25).

Current models describing biological membranes do not di-
rectly predict a mechanism by which protein clustering or
crosslinking could affect the formation or distribution of differ-
ent lipid phases. It has been proposed that crosslinking could
change the way that a molecule partitions into or out of
preexisting domains in the plasma membrane or could coalesce
lipid rafts from smaller and�or highly dynamic precursors (1, 2,
26, 27). Our results provide direct evidence that, in model
membranes, crosslinking can go beyond the coalescence of
preexisting structures and cause uniform one-phase membranes
to separate into macroscopic coexisting Lo and Ld phases and
that such phase separations can cause a large-scale redistribution
of a transmembrane peptide.

Materials and Methods
GM1, DOPC, dioleoylphosphatidylglycerol, porcine brain Sph,
and synthetic stearoyl Sph were purchased from Avanti Polar
Lipids. Cholesterol was purchased from Nu Chek Prep (Elysian,
MN). Cholera toxin subunit B (CTB) and polyclonal anti-GM1
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antibody were purchased from Calbiochem. Perylene was pur-
chased from Sigma. C12:0–1,1�-didodecyl-3,3,3�,3�-tetramethyl-
indocarbocyanine (DiI), fast-DiI (C18:2-DiI), and recombinant
CTB conjugated with Alexa Fluor 488 (A488-CTB) were ob-
tained from Molecular Probes. The phospholipid stocks were
quantitated by phosphate assay, f luorescent dye stocks were
quantitated by absorption spectroscopy, and cholesterol and
GM1 stocks were prepared analytically.

Giant Unilamellar Vesicle (GUV) Preparation. GUVs were prepared
as described in refs. 28 and 29, with minor modifications. Briefly,
lipid mixtures were thoroughly dried from organic solvent into a
thin film and hydrated at 65°C by introducing wet N2 gas.
Prewarmed buffer (2.0 mM Mes�10 mM KCl�1.0 mM EDTA,
pH 5.5) was added, and the films were incubated overnight to
produce GUVs. The suspension was then cooled slowly over
8–16 h to room temperature (23°C). Control samples were tested
for possible supercooling by cooling until separation was ob-
served and then rewarming. The prepared GUVs were applied
to a standard microscope slide and enclosed by a thin bead of
vacuum grease. The sample was sealed with a coverslip, inverted,
and imaged on an LCS SP2 confocal microscope (Leica, Deer-
field, IL) with a 63� oil-immersion objective at room temper-
ature (23°C). A488-CTB or the anti-GM1 antibody was added
directly to the GUV suspension on the slides and examined
immediately. The final concentration of A488-CTB was �25
�g�ml, an excess (at least 5-fold) of CTB over GM1.

The DOPC lipid stock contained 10 mol percent dioleoylphos-
phatidylglycerol as a charged phospholipid, which is necessary to
obtain GUVs by this method. Both stearoyl Sph and brain Sph
were used in separate experiments and gave consistent results.
The images shown here are with stearoyl Sph. Fluorescent
probes were added to the lipid mixture at a molar ratio (probe-
:total lipid) of 1:1,000 (C12:0-DiI) and 1:250 (perylene). Rho-
damine-labeled peptides dissolved in methanol were readily
incorporated into GUVs with no alteration of the protocol by
mixing the peptide and lipids in organic solvent before preparing
the lipid film. Perylene was included in all of the examined
GUVs to visualize the Lo phase (30). In every phase-separated
membrane, the perylene and C12:0-DiI markers partitioned into
opposite phases, and, in the presence of A488-CTB, the perylene
and Alexa Fluor 488 patterns overlapped precisely.

GUV preparations yield a highly heterogeneous population of
membrane structures that are uniquely suitable for microscopic
examination but are not appropriate for bulk measurements such
as the fluorescent measurements below. Therefore, a different
method was used to prepare the membranes for the fluorescence
measurements. Importantly, the phase behavior of membranes
prepared by these two methods is consistent (29).

Fluorescence Ratio Method for Phase Boundary Determination.
Changes in the fluorescence of differently partitioning probes
was monitored as a function of lipid composition (29). Two lipid
compositions were chosen to be the endpoint ‘‘anchors’’ of a
series of lipid samples. Anchor-stock mixtures of both compo-
sitions, including the fluorescent probes fast-DiI and perylene,
were prepared in glass vials. These mixtures were placed under
high vacuum to remove all solvent and then dissolved in chlo-
roform to 10.0 mM. New anchor stocks were prepared for each
independent experiment. Fifty-one defined lipid mixtures were
prepared in glass tubes by incrementally mixing the two anchor
stocks. Each sample contained 250 nmol of lipid, with the sample
compositions evenly spaced in a series between the anchor
stocks. Vesicles were prepared from the series of samples by the
method of rapid solvent exchange (RSE) (31) to an aqueous
buffer (200 mM KCl�5 mM Pipes�1 mM EDTA, pH 7.0). The
aqueous lipid concentration of the samples after RSE was 500
�M. Each sample was sealed under argon and placed in a water
bath at 65°C. The samples were incubated at 65°C for 2 h, cooled
by 2°C�h to 23°C, and held at this temperature for �48 h before
measurement. Fluorescence was measured at 23°C with a Hita-
chi 3010 spectrofluorimeter (Hitachi, Tokyo), exciting at 420 nm
with a 5-nm bandpass. Perylene emission was measured at 470
nm, and fast-DiI emission was measured at 568 nm with a 10-nm
emission bandpass. Each sample was diluted with buffer in the
cuvette to a final lipid concentration of 3.75 �M.

For the experiments presented in Fig. 3, the anchor mixtures
differed the most in the mol percent of Sph: Anchor stock 1
contained no Sph, whereas anchor stock 2 was more than
one-third Sph (Table 1). Anchor stock 2 is a lipid mixture that
reproducibly forms Ld plus Lo membranes and is not close to a
phase boundary either in composition or temperature (unpub-
lished data; refs. 25 and 32). Anchor stock 1 has the same ratio
of DOPC to cholesterol as anchor stock 2 and creates uniform
one-phase membranes. Thus, the series of lipid compositions
created by this anchor-stock method can be thought of as a
titration of Sph that necessarily crosses a phase boundary. Both
anchor stocks (and thus the entire series) contained identical
amounts of GM1 and the lipid probes (Table 1). Brain Sph was
used in these fluorescence ratio experiments.

Data Fitting. Fluorescence ratio data from the series of lipid
compositions were analyzed to determine the intersection of two
fluorescence ratio regimes. Two linear regimes were derived
from the fluorescence vs. [Sph] data as follows. Any point (x, y)
within the data range is chosen to represent the intersection of
the regimes. Two unlimited values are chosen; one represents the
slope of the regime to the right of the specified point, and the
other represents the slope of the regime to the left. With these

Table 1. Specific membrane compositions (given as percentage of total by mol)

Text reference DOPC DOPG Sph Cholesterol GM1 Probes Phase state

Composition a 44.1 4.9 19.0 30.0 2 C12-DiI, perylene One-phase Ld*
Composition a1 44.1 4.9 20.0 30.0 1 C12-DiI, perylene One-phase Ld*
Composition a2 44.1 4.9 20.8 30.0 0.2 C12-DiI, perylene One-phase Ld*
Composition P 44.1 4.9 19.0 30.0 2 LAT peptide, perylene One-phase Ld*
Composition b 9.0 1.0 53.0 35.0 2 C12-DiI, perylene One-phase Lo*
Composition c 45.0 5.0 25.0 23.0 2 C12-DiI, perylene Two-phase Ld � Lo†

Composition d 43.2 4.8 10.0 40.0 2 C12-DiI, perylene One-phase unknown
Anchor stock 1 54.4 6.1 0.0 37.5 2 Fast DiI, perylene One-phase Ld†

Anchor stock 2 32.5 3.8 36.3 23.4 2 Fast DiI, perylene Two-phase Ld � Lo†

Experimental phase boundary 42.4 4.7 21.8 29.1 2 Fast DiI, perylene Ld � Lo boundary†

DOPG, dioleoylphosphatidylglycerol.
*Unpublished data.
†This study.
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four parameters specified, the sum of squares between the fit and
the data are assigned as a measure of goodness of fit. The
fluorescence vs. [Sph] data space is subdivided at the resolution
of the data. Within each subdivision, the four parameters
previously described are optimized to yield best-fit values. The
four parameters that derive the lowest overall fit value are taken
as the global best fit. The lipid composition represented by [Sph]
that is associated with the point at the intersection of the two
linear regimes is taken as the boundary of the two-phase region.
The last six compositions were not used for this analysis because
these points clearly do not fit in a linear regime. This choice
improves the fit values but has no significant effect on the results.
Three independent data sets were fit individually, and the results
were averaged.

Miscibility Transition Temperature (Tmt) Measurements. Samples
were prepared with or without A488-CTB as for confocal
imaging. GUVs were observed by standard fluorescence micros-
copy by using a 60� water immersion objective on a modified
stage that allowed accurate temperature control of a submerged
sample. Beginning at a temperature below the Tmt, a GUV was
selected, and the sample was warmed at �1°C�min. When the
observed phases mixed, the temperature detected by a sub-
merged thermocouple was noted. The sample was then set to
cool at �1°C�min until the vesicle phase separated, and the
temperature was noted again.

The temperature measurements were made only on individual
vesicles that could be followed through four phase changes
without the vesicles touching a glass surface. We designated the
average of the four individual measurements (two warming and
two cooling) as the Tmt of each observed vesicle. The same
procedure was used for samples with A488-CTB added. We find
that CTB addition causes the vesicles to become less stable. As
a result, the majority of vesicles could not be followed through
four phase changes. The incomplete measurements (fewer than
four changes), although not used to calculate the Tmt, were
uniformly consistent with the final result. Fig. 4 shows the
average of four vesicle measurements for each condition.

Linker for Activation of T Cells (LAT). LAT is a plasma membrane
protein composed of an intracellular domain, a single mem-
brane-spanning domain, and a 3-aa N-terminal extracellular
segment. LAT is doubly palmitoylated near the transmembrane
domain. Acylated or not, an N-terminal transmembrane peptide
partitions into the Ld phase of two-phase model membranes
(33). The unpalmitoylated peptide was incorporated into GUVs
at a molar ratio of 1 peptide:500 lipid molecules in the experi-
ments represented in Fig. 2.

Results and Discussion
GUVs. To investigate the effect of crosslinking membrane com-
ponents, we prepared and examined by fluorescence microscopy
GUVs that contain the ganglioside GM1, which is the natural
plasma membrane receptor for cholera toxin (34). Cholera toxin
contains five nontoxic B subunits that serve to target the A
subunit to cellular plasma membranes. Each CTB pentamer
binds specifically to five GM1 ganglioside molecules. Interest-
ingly, in some cell types, CTB crosslinking of GM1 initiates
signaling cascades (8).

We first examined the partitioning of A488–CTB–GM1 com-
plexes in membranes that have two coexistent phases, Lo and Ld.
These membranes were composed of a mixture of the lipids Sph,
cholesterol, and DOPC and included 2 mol percent GM1 (com-
position c in Table 1). This mixture of lipids was chosen as a
highly simplified model of the outer leaflet of cellular plasma
membranes, and, unlike the plasma membrane, the lipids in
GUVs of this type are symmetrically distributed between the
leaflets. The membranes also included the fluorescent lipid

analogs perylene (30) and C12:0-DiI, which preferentially label
Lo and Ld phases, respectively. When A488-CTB was added to
the GUV samples, A488–CTB–GM1 complexes were observed
to partition strongly into the Lo domain along with the perylene
(not shown). This finding has been shown previously in similar
lipid mixtures (35, 36) and is consistent with studies of biological
membranes, in which gangliosides are well established markers
of the raft environment (37, 38).

To analyze the effect of CTB binding and GM1 crosslinking on
the phases of the membrane, GUVs were prepared with molar
ratios of the lipid components such that the membranes pro-
duced only one uniform phase, either Ld or Lo (compositions a
and b, respectively). The fluorescent probes are uniformly
distributed in these membranes (Fig. 1 A and E). Remarkably,
the binding of A488-CTB causes the creation of new membrane
domains. The initially single-phase membranes now display two
coexistent fluid phases, and this change occurs whether the
membrane is initially Ld (Fig. 1 B–D) or Lo (Fig. 1 F–H). The
observed changes require the inclusion of GM1 in the mem-
branes (data not shown). The coexistent domains exhibit rapidly
fluctuating boundaries when observed by light microscopy (data
not shown), consistent with both phases being fluid (35, 39).
Note that the relative amount of the coexisting phases depends
on the initial composition (compare Fig. 1 D and H).

As a control for the possibility that CTB-induced domains are
formed by the aggregation of A488-CTB independent of the
lipids in the membrane, we examined a lipid mixture that is
distinct from the compositions that produce two phases (com-
position d in Table 1). Although these vesicles looked similar to
those of compositions a and b before A488-CTB addition (Figs.
1 A and E and 2 A), A488-CTB binding does not cause the
formation of resolvable domains in composition d (data not
shown). This result indicates that the change in membrane
appearance depends on the lipid composition and agrees
with previous evidence that CTB does not self-aggregate on
membranes (40).

To investigate the effect of this CTB-induced phase change on
transmembrane proteins, we prepared experimental membranes
(composition P in Table 1) as for Fig. 1 except that the GUVs
did not contain C12:0-DiI and included the N terminus of the
LAT (see Materials and Methods) labeled with rhodamine (33).
This peptide includes the single transmembrane domain of the
LAT protein, which is critically involved in T cell receptor and
Fc�RI signaling (41, 42). A488-CTB binding and the resultant
membrane reorganization cause the LAT transmembrane do-
main to concentrate in the new Ld phase (Fig. 2), consistent with
previous observations of the partitioning behavior of this
polypeptide in a variety of phase-separated model membranes
(33). Thus, the changes in phase behavior caused by A488-CTB
binding alter the distribution of the transmembrane region of
this functionally important plasma membrane protein.

We expect that GM1 and CTB must have minimum effective
concentrations for the observation of the CTB-induced phase
changes. Large phase separations were readily observed in
membranes in which the mol percent of GM1 was reduced by half
(composition a1 in Table 1), whereas at 0.2 mol percent GM1
(composition a2), fewer than half of the GUVs examined were
phase-separated after A488-CTB addition. We also varied the
concentration of A488-CTB during the slide preparations. At
1�10 the final A488-CTB concentration (�3 �g�ml) composi-
tion a vesicles were slightly less bright, but this concentration was
fully capable of inducing phase changes (data not shown).
Concentration limits are likely to be highly dependent on the
specific lipid composition and the properties of the crosslinked
molecule. Therefore, such limits will not be predictive for
biological systems where crosslinking is implicated.

CTB is a pentamer and is probably crosslinking five GM1
gangliosides in these experiments. We were unable to observe a
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phase change after the binding of an anti-GM1 antibody to
GUVs of composition a (Table 1 and data not shown). A simple
explanation is that dimerization is less effective at causing a
phase change than crosslinking with higher valency by CTB.

Determining the Phase Boundary. From the microscopy observa-
tions, the membranes appear to phase-separate in response to
the binding of A488-CTB to the GM1 incorporated in the
membrane. An important alternate possibility is that the mem-
branes are actually phase-separated before A488-CTB is added
but that one phase exists in distributed structures below the size
resolution of light microscopy. In this interpretation, A488-CTB

binding would coalesce the unresolved phase into larger struc-
tures. This possibility is interesting in the context of the lipid raft
hypothesis, because lipid rafts are apparently too small to resolve
in unperturbed living cells (26, 43). However, further analysis
below, using methods that are not limited by optical resolution,
strongly favors the interpretation that CTB binding to the
membranes creates new phases.

To test whether membranes of composition a (Table 1) used
in the GUV studies (Figs. 1 A and 2A) are one phase before the
addition of CTB, we made use of a fluorescence ratio method for
determining the composition of phase boundaries (see Materials
and Methods). For this determination, the ratio of fluorescence
of two lipid analogs (in this case, fast-DiI and perylene) is
measured. The excitation of DiI by this method is due to FRET
from perylene. The simple ratio of fast-DiI to perylene fluores-
cence (corrected for background) is not corrected for either
dependence of perylene or DiI fluorescence on sample compo-
sition or self-quenching of the dye. As a result, the measured
fluorescence ratio is sensitive to changes in lipid environment
because of several factors: (i) the probes separate from each
other; hence, FRET decreases when Lo and Ld phases form and
separate, (ii) even within a one-phase region, DiI fluorescence
can vary significantly with membrane composition (unpublished
data), and (iii) DiI fluorescence depends on the dye concentra-
tion within a phase (self-quenching).

We determined the one-phase�two-phase boundary by mea-

Fig. 1. CTB binding changes the phase behavior of membranes containing
the ganglioside GM1. GUVs labeled with C12:0-DiI were examined before and
after the addition of A488-CTB by imaging grazing focal planes by confocal
microscopy. (A and E) C12:0-DiI in single-phase vesicles [composition a (A) and
b (E) in Table 1] before the addition of A488-CTB. (B–H) Upon the addition of
A488-CTB, the vesicles undergo a phase transition yielding coexistent fluid
phases. A488-CTB decorates the Lo phase (C and G); C12:0-DiI labels the Ld
phase (B and F). D and H are the merged images of B�C and F�G, respectively.
(Scale bars, 5 �m.)

Fig. 2. CTB binding to GM1 in the membrane indirectly changes the distri-
bution of the transmembrane peptide of LAT by changing the phase state of
the lipid bilayer. GUVs of composition P (Table 1), containing rhodamine-
labeled LAT peptides (1:500 mol ratio, peptide to lipid), were examined before
(A) and after (B) the addition of A488-CTB. The images are the projection of
a stack of confocal slices from one hemisphere of representative GUVs and
show the pattern of rhodamine fluorescence (bright areas). The dark areas are
Lo phase as determined by the partitioning of perylene (not shown). (Scale
bars, 5 �m.)
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suring an experimental series of 51 membrane compositions that
includes composition a (Fig. 3). This series of membranes is an
incremental titration of Sph that crosses the phase boundary that
we wish to define. The amount of incorporated GM1 and
fluorescent dyes remained constant throughout the series. Fig. 3
shows how the fluorescence ratio changes as the percentage of
Sph is increased. The observed changes are readily divided into
two regimes that correspond to an almost horizontal, single-
phase regime at low Sph percentages and a negatively sloped,
two-phase regime at higher Sph percentages. The point at which
the slope changes is the phase boundary. Membranes of com-
position a (Table 1) are within the one-phase regime and close
to the boundary (Fig. 3), consistent with the images of the
corresponding GUVs (Figs. 1 A and 2).

By fitting the fluorescence data to two lines that intersect (see
Materials and Methods), it is possible to quantitate the experi-
mental phase boundary. The fit analysis yields a boundary of
21.8 � 0.35 mol percent Sph. The experimental data supports
two significant figures in this measurement, or 22 mol percent
Sph (3 mol percent higher than composition a). Therefore, we
conclude that in GUVs with the same composition, the A488–
CTB–GM1 binding-dependent domains that we observe by
microscopy are not formed by the coalescence of preexisting
phases.

Measuring CTB-Induced Changes in Phase Boundaries. We also at-
tempted to determine the phase boundary in membranes in the
presence of bound CTB by using several versions of the fluo-

rescence ratio method (see Materials and Methods). CTB addi-
tion caused the experimental boundary to change in the expected
direction (i.e., to a lower mol percent Sph) in every experiment,
with an average shift of �3.3 � 3.3 mol percent Sph (five
independent experiments). However, we note that the standard
deviation of these measurements is 10-fold higher than the
measurements without CTB. A primary limitation in assessing
the effects of CTB on the fluorescence ratio is that the rapid
solvent exchange method creates mixtures of unilamellar and
multilamellar vesicles, such that an average of 1.4 lamellae are
produced with our apparatus (31). Because only the outermost
membrane of a multilamellar vesicle is accessible to CTB, a
fraction of the membrane in each sample will not undergo the
CTB-induced phase changes. Furthermore, the vesicles vary in
size (down to �100 nm), and it is not determined what effect
curvature has on CTB binding or the observed change in phase
behavior. We believe that these considerations could explain the
increased sample-to-sample variation that we see only after CTB
addition. Further refinement of the method will be required to
accurately measure the CTB-induced change at this phase
boundary.

To determine more accurately whether CTB binding can cause
a significant change in a phase boundary, we measured the Tmt
of model membranes before and after A488-CTB was added to
bind to incorporated GM1. Membranes with coexistent fluid
phases have a characteristic Tmt, at which the membrane
reversibly converts between having two phases and only one
phase. We measured the Tmt of GUVs that have both Lo and
Ld phases at 23°C (composition c in Table 1) before and after the

Fig. 4. CTB binding causes an increase in the Tmt. The Tmt of membranes of
composition c (Table 1) was measured before and after introduction of
A488-CTB. Individual GUVs were observed through at least two cycles of slow
heating until the phases mixed, followed by slow cooling until the phase
separated again. The graph shows the average values from four such mea-
surements, and the error bars show the standard deviation. (Insets) Examples
of C12:0-DiI-labeled GUVs illustrating the conversion from one phase to two
phases at the Tmt.

Fig. 3. The membrane composition used in GUV preparations forms single-
phase membranes and is close to a phase boundary. A series of membranes
that represent a titration of Sph into a mixture of cholesterol and DOPC (with
the [DOPC]:[cholesterol] held constant) was analyzed by a fluorescence ratio
method (see Materials and Methods). The graph shows the average of mea-
surements from three independent experiments. Each data set was normal-
ized to one for the initial values and then averaged. The vertical bars indicate
the standard deviation. The x axis is the amount of Sph in the membranes,
presented as the percent by mol of total membrane components. The vertical
dashed line indicates the average experimental phase boundary, 22 mol
percent Sph, as determined by our fitting analysis (see Materials and Meth-
ods). Composition a (Table 1), corresponding to GUV images (Figs. 1A and 2A),
is indicated with arrows. (Inset) The normalized data from one individual
experiment plotted on the same axes as the larger graph (diamonds). The solid
line represents the calculated best fit of two linear regimes that intersect at
the phase boundary.
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introduction of A488-CTB (Fig. 4). The measurements are
performed on a microscope by observing individual GUVs as
the sample temperature is gradually cycled up and down across
the transition point.

We observe an �6°C average increase in the Tmt of these
GM1-containing vesicles after A488-CTB binding (Fig. 4). The
measured CTB-induced shift in the Tmt was confirmed by other
observations of the membranes. For example, a sample without
CTB was slowly raised to 44°C and allowed to equilibrate for 10
min. No membranes were found that showed phase separation.
Then, A488-CTB was added to a sample from the same vesicle
preparation and equilibrated at 45°C for 10 min. The GUVs in
this sample showed clear phase separation. This shift in the Tmt
of the membranes indicates that A488-CTB binding to GM1 can
cause a measurable shift in a phase boundary.

Implications. We conclude that in lipid bilayers, CTB binding to
its receptor (GM1) can cause the membrane to phase-separate,
and we demonstrate that such a phase separation can directly
alter the distribution of a peptide derived from a membrane
protein. Apparently, this change in membrane phase behavior is
caused by crosslinking GM1 molecules due to the pentameric
binding of CTB to GM1, although we cannot exclude the
contributions, if any, of interactions between the membrane-
proximal surface of GM1-bound CTB and other lipid head
groups.

The lipid composition of a membrane is crucial for observing
large-scale CTB-induced phase changes. However, we predict
that the physical properties of any GM1-containing membrane,
regardless of composition, will be altered by the binding of CTB.
Such changes would likely result in modest differences in the
chemical potential and mixing properties of specific molecules
and would be most readily detected by changes in the relative
surface fraction of two coexistent phases and changes in the
partitioning coefficient of probe molecules. In support of this
prediction, we note two minor observations made during the
course of these studies. First, the fluorescence ratio measure-
ments shown in Fig. 3 are altered by the binding of CTB,

regardless of the composition of the membrane (not shown).
Second, in Fig. 1 A–D, CTB binding causes the vesicle to have
islands of Lo phase in a continuous Ld membrane, whereas in
Fig. 2, a similar lipid composition (with a peptide added) forms
continuous Lo phase with islands of Ld in response to CTB. It
will be informative to examine the physical effects of crosslinking
other components in both model and cellular membranes.

Our results provide one possible explanation for how a cell
detects an extracellular crosslinking event or organizes a domain
in response to the local clustering of specific components:
Crosslinking a membrane component could significantly alter
the mixing properties of the lipid bilayer and dramatically alter
the localization of important proteins and lipids. Such mecha-
nisms have been suggested as potential models of lipid raft
behavior in cells (1, 2, 26, 27). The initial reorganization could
be cumulatively stabilized by a subsequent cascade of protein–
protein interactions. In this way, the organization of the under-
lying membrane could be used as a device by which changes in
the distribution of one membrane protein affect the distribution
of many other proteins. In cellular processes, such crosslinking
effects would almost certainly be initialization events, local and
heterogeneous, rather than encompassing the entire cell, con-
sistent with the dynamic nonequilibrium properties of complex
cellular membranes.
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