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membrane lipids contribute to cellular

processes, although very little is known
regarding the underlying physical basis by
which lipids accomplish this function. A cur-
rent and popular hypothesis is that cellular
plasma membranes contain dynamic sub-
micrometer “raft” domains that are enriched
in certain lipid and protein species, and
that these rafts can change in size, compo-
sition, and stability in response to environ-
mental cues (1-4). It is often speculated
that this raft organization arises from the
tendency for lipids in membranes contain-
ing cholesterol to separate into coexisting
liquid-ordered (L,) and liquid-disordered
(Ly) phases. Indeed, there are now numer-
ous experimental observations of plasma
membrane lipids existing in more ordered
and less ordered states both in intact cells
and in isolated or extracted membrane
vesicles (5-10). While it is appealing to
speculate that raft domains arise from
phase separation, current descriptions of
raft organization do not resemble phase-
separated domains in model membranes.
This lack of a clear physical basis of raft for-
mation has complicated efforts to decipher
the functional consequences of lipid-
mediated lateral organization in
biomembranes.

Critical points are special compositions
and temperatures in the phase diagram
where tie-lines merge into single points and
where the compositions of coexisting
phases become identical. In multicompo-

I tis generally acknowledged that plasma
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nent systems, the “osmotic compressibil-
ity” diverges at the critical point, meaning
that very little energy is required to maintain
regions of inhomogeneous composition.
This divergence leads to a wide range of
critical phenomena that are well-understood
in terms of both theory and experiment

(11, 12). When a critical point is approached
from within the two-phase coexistence re-
gion, the increasing osmotic compressibil-
ity acts to reduce the interfacial energy be-
tween phases, and thermal energy drives
elongation and roughening of domain
boundaries (13). When a critical point is ap-
proached from the one-phase region, the in-
creasing osmotic compressibility allows for
the formation of long-range composition
fluctuations. The composition of these fluc-
tuations mirrors the underlying tie lines, and
their size and lifetime increase and ulti-
mately diverge as the critical point is ap-
proached (12). Importantly, many aspects
of critical behavior are universal, meaning
that they apply to all systems independent
of the specific interactions that give rise to
the presence of the critical point. The 2D
Ising model is a two-state model with near-
est neighbor interactions that has been
solved exactly (14) and has been used to
successfully describe the behavior of a wide
range of experimental systems near critical
points, including spin magnets (15), liquid
crystals (16), and multicomponent mixtures
that give rise to two liquid phases (12). We
recently observed critical fluctuations in
model membranes containing cholesterol

ABSTRACT We demonstrate critical behavior
in giant plasma membrane vesicles (GPMVs) that
are isolated directly from living cells. GPMVs
contain two liquid phases at low temperatures
and one liquid phase at high temperatures and
exhibit transition temperatures in the range of
15 to 25 °C. In the two-phase region, line ten-
sions linearly approach zero as temperature is
increased to the transition. In the one-phase re-
gion, micrometer-scale composition fluctuations
occur and become increasingly large and long-
lived as temperature is decreased to the transi-
tion. These results indicate proximity to a critical
point and are quantitatively consistent with es-
tablished theory. Our observations of robust
critical fluctuations suggest that the composi-
tions of mammalian plasma membranes are
tuned to reside near a miscibility critical point
and that heterogeneity corresponding to <50
nm-sized compositional fluctuations are present
in GPMV membranes at physiological tempera-
tures. Our results provide new insights for
plasma membrane heterogeneity that may be re-
lated to functional lipid raft domains in live cells.
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Figure 1. Transition temperatures and critical fluctuations in GPMVs. a) GPMVs from the same preparation show a distribution of miscibility transi-
tion temperatures, indicating that GPMVs have a distribution of membrane compositions (35). GPMVs are uniform at high temperature and contain
two coexisting liquid phases at low temperature. Images shown were acquired at 25 and 15 °C, respectively, scale bars are 5 pm, and error bounds
denote Poisson (100/N*/?) counting statistics. b, c) Despite the inherent variation in transition temperature, all GPMVs undergo micrometer-scale
fluctuations at temperatures just above their respective miscibility transition temperature, visualized when cells are prelabeled with a fluorescent
lipid analog (panel b, DilC12) or a fluorescently tagged antibody (panel c, Alexa488-IgE bound to FceRl) (also see Supplementary Movies S1—S6).
d) GPMVs closely resemble GUVs made from synthetic mixtures of phospholipids and cholesterol (Chol) prepared with near-critical lipid composi-
tions (a vesicle of 1:1:2 diphytanoylphosphatidylcholine (diphytanoylPC)/dipalmitoylphosphatidylcholine (DPPC)/Chol with 0.5% DilC12 is shown
here). The critical temperature falls roughly between the second and third images in panels b—d. e) Fluctuations are not observed in GUVs prepared
with a composition that does not pass through a critical point (2:2:1 diphytanoylPC/DPPC/Chol shown here.) Scale bars are 5 pm.

and found that fluctuations are consistent
with 2D Ising model scaling laws (17, 18).

RESULTS AND DISCUSSION

GPMVs (giant plasma membrane vesicles)
form as blebs directly from the plasma
membranes of living rat basophil leukemia
(RBL) cells after chemical treatment (8).
These vesicles pull away from the cytoskel-
eton, and they contain a wide assortment of
plasma membrane protein and lipid spe-
cies. GPMVs undergo a miscibility transi-
tion; they appear to be made up of a single
liquid phase at high temperatures and sepa-
rate into two coexisting liquid phases be-
low a miscibility transition temperature,
Tmix- In @ny given GPMV preparation, we
find a broad distribution of T,_,;, values when
vesicles are viewed on a temperature-
controlled microscope stage, usually in the
range of 20 °C and spanning 5-10 °C
(Figure 1, panel a). Mean transition temper-
atures can depend on numerous factors in-
cluding the growth density of parental cells,
vesiculation temperature, and perturbation
of GPMVs with amphipathic molecules such
as short chain ceramides (data not shown).
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Remarkably, in over 100 GPMVs exam-
ined, we find that all GPMVs undergo do-
main boundary fluctuations below T, and
micrometer-scale lateral composition fluc-
tuations above T, (Figure 1, panels b and
¢ and Supplementary Movies S1-5S6). Sev-
eral degrees below T,,,;,, GPMVs contain
roughly equal area fractions of coexisting
phases. Our observations of fluctuations are
qualitatively consistent with all GMPVs hav-
ing near-critical compositions despite the in-
herent variation in transition temperature
between GPMVs in a single preparation.
Critical behavior is visualized in GPMVs pre-
labeled with either fluorescent lipid ana-
logs (DilC12; Figure 1, panel b and Supple-
mentary Movies S1 and S2) or with
fluorescently tagged antibodies to mem-
brane bound proteins (IgE bound to FceRlI
(Figure 1, panel c and Supplementary Movie
S3) or antibodies to Thy-1 (Supplementary
Movie S4), indicating that both lipids and
membrane bound proteins experience criti-
cal behavior. In most cases, this critical be-
havior is reversible, meaning that the same
transition temperature and fluctuations are

VEATCH ET AL.

observed with both increasing and decreas-
ing temperature. This suggests either that
photodegradation of lipids is not occurring
in these membranes or that this degrada-
tion does not alter membrane phase behav-
ior. Finally, we observe critical behavior in
GPMVs derived from other cell types (NIH-
373 and HEK, Supplementary Movies S5
and S6)). In all cases, the observed critical
behavior closely resembles that found in gi-
ant unilamellar vesicles (GUVs) prepared
with a lipid composition carefully chosen to
reside near a miscibility critical point
(Figure 1, panel d) and does not resemble
GUVs prepared with compositions that pass
through the miscibility transition tempera-
ture away from a critical point (Figure 1,
panel e and Supplementary Movie S7).
Observations of robust critical fluctua-
tions in GMPVs are remarkable because
they suggest that cell plasma membranes,
as represented by these vesicular mem-
branes, have compositions that are tuned
to reside near miscibility critical points,
meaning that the miscibility transition tem-
perature is also the critical temperature in
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Figure 2. Line tension measurements below the transition temperature indicating that GPMVs have critical compositions.

a) Pseudocolor images of phase-separated GPMVs below the transition temperature demonstrate that boundary fluctuations in-
crease in magnitude as temperature is increased towards the transition temperature. (b) Line tensions are evaluated from the
power spectrum boundary fluctuations as described in Materials and Methods. (c) Line tensions trend linearly to zero (within er-
ror) as the transition temperature is approached, consistent with predictions of the 2D Ising model. This indicates that mem-
branes have critical compositions and that the transition temperature is the critical temperature.

these membranes. Furthermore, the fact
that we observe critical behavior in all
GPMVs, even though we find a broad distri-
bution of transition temperatures, suggests
that there is a distribution of closely spaced
critical points in the many dimensional com-
positional space occupied by these com-
plex biomembranes. In simple three-
component model membranes, detailed
knowledge of the phase diagram is required
to find lipid compositions close enough to
critical points to observe micrometer-scale
critical fluctuations (17, 18). Thermody-
namic rules stipulate that critical points are
equally rare in randomly assembled sym-
metric model membranes with a greater
number of components. It is tempting to
conclude that the broad diversity and care-
ful regulation of plasma membrane compo-
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nents occurs, at least in part, to maintain
cell plasma membranes in close proximity
to miscibility critical points.

In the 2D Ising model, the line tension,
\, is a linear function of temperature, T, and
intersects zero at the critical point, such
that A = N\ (T, — N/T_, where T_ s the criti-
cal temperature in units of kelvin (13). Line
tensions are extracted from GPMV images
by fitting the power spectrum of boundary
fluctuations, as described in Materials and
Methods (outlined in Figure 2). At tempera-
tures well below the critical point, the phase
boundary contour does not deviate signifi-
cantly from the time-averaged value indicat-
ing that the line tension is large. As temper-
ature approaches the transition, the
magnitude of fluctuations increase, indicat-
ing that line tension is decreased. Plots of

line tension vs increasing temperature are
well fit by a straight line, indicating good
quantitative agreement with the 2D Ising
model. When membranes pass through the
phase boundary away from a critical point,
line tension is expected to fall to a finite
value at the transition temperature. We ob-
serve that measured line tensions fall to
zero within error bounds at the transition
temperature, as is expected when mem-
branes pass through a critical point at the
transition temperature, providing further evi-
dence that the GPMV membranes contain
critical compositions.

An independent quantitative analysis of
critical behavior is conducted by analyzing
composition fluctuations above the transi-
tion temperature (Figure 3). First, we exam-
ine the lateral distribution of fluorescent in-
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Figure 3. Critical fluctuations in GPMVs are
quantitatively consistent with results of the 2D
Ising model as depicted for a representative
2 GPMV. a) Critical fluctuations are visible on the
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E temperatures shown. b, ¢) Quantification of
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tion, G(r), and its Fourier transform S(k), where r
is radius and k is the magnitude of the
wavevector. The G(r) and S(k) traces shown are
‘ ! computed by averaging functions obtained from
: I 10 images acquired at the temperatures shown.

o

by

1/ (1/um)
N

Error bars represent standard deviations over
averaged values. d) Correlation lengths (£) are
extracted from S(k) curves and are plotted vs
temperature (7). e) Plots of 1/£ vs T are well fit
Y o 545 23'5“ ” 25 by a stl:alght lme,.vtlhlch intersects the tempera-
£ Temperature (°C) g Temperature (°C) ture axis at the critical t?mperature (‘Tc), dem-
onstrating agreement with the 2D Ising model.
5 f) The extrapolated value of S(k=0) is propor-
tional to the osmotic compressibility (black
points) and diverges as (T./(T — T,))”/* (red line)
as the critical temperature is approached. g) A
time-dependent analysis of the inverse gradient
. diffusion coefficient (D~*) reveals correlation
Bl times that are consistent with 2D Ising model
predictions (21). The red line goes as D™* =
A A(T./(T — T))?> + D,~*, where A is a proportion-
/I}/[/ I ality factor and D, is in good agreement with
5 = 1 O o e values expected for normal lipid diffusion. In all
0 14/“} 0 * ) cases, the red line shows the best fit to the

235 24 24.5 25 255 235 24 245 25 255  black data points, and the dotted line denotes
Temperature (°C) Temperature (°C) +1¢ confidence intervals

Correlation length (&, um)

(Diffusion coef.)™" (s/um?)
w

Compressibility™* (arb. units)

290 | VOL.3 NO.5 « 287-293 + 2008 VEATCH ET AL. www.acschemicalbiology.org




tensity on the vesicle surface at fixed time
to determine the correlation length and the
osmotic compressibility. These values are
determined by evaluating the density—
density correlation function, G(r), which is a
function of radius, r, and is defined as the
radial average of the 2D autocorrelation of
an image (11, 12) (Figure 3, panel b). When
calculating G(r), we assume that probe in-
tensity is proportional to probe concentra-
tion (density), which is the order parameter
measured (19). As with all optical micros-
copy measurements, G(r) curves are dis-
torted by the point spread function of the
microscope. We therefore found it easiest
to perform our analysis using the structure
factor, S(k), which is the Fourier transform of
G(r), where k is the magnitude of the
wavevector (see Materials and Methods).
S(K) describes the spatial frequency distri-
bution of composition fluctuations (Figure 3,
panel d) and is often directly measured in
three-dimensional systems through scatter-
ing experiments (12). The correlation length,
&, reports the size of fluctuations and can
be determined by fitting S(k) as described
in Materials and Methods.

The 2D Ising model predicts that the cor-
relation length varies inversely with the tem-
perature distance from the critical point
such that & ~ & T./(T — T)). We find that
plots of 1/& vs temperature are well-fit by a
straight line, the x intercept being a precise
assignment of the critical temperature
(Figure 3, panel e). The osmotic compress-
ibility, x, is proportional to the zero fre-
quency component of the structure factor,
x =~ S(k=0) (11), and we find that it is
well-fit by x ~ (T./(T — T.))”/*, also in agree-
ment with predictions of the 2D Ising model
for mixtures with critical compositions (11)
(Figure 3, panel f). We have conducted an
identical analysis on multiple GPMVs (>5)
and obtained similar results.

We also investigated the time-
dependence of critical fluctuations in
GPMVs. Correlation times are expected to in-
crease in membranes near a critical point,
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meaning that membrane heterogeneity
changes slowly (20). This occurs because
there is little driving force to smooth out
composition gradients in near-critical mem-
branes, where only small energies are re-
quired to maintain regions of inhomoge-
neous compositions. In order to quantify
this, we have evaluated inverse gradient dif-
fusion coefficients, D~ *, as described in Ma-
terials and Methods. D™ is a measure-
ment of the time it takes for probes to
diffuse over a specified area. We find that
D~ becomes large near the critical temper-
ature, in @ manner consistent with predic-
tions of the 2D Ising model (D~ ~ &, where
z~2) (21). At high temperatures, D~ * drops
to the finite value D, *, which corresponds
to a measurement of fluctuation lifetime lim-
ited by normal lipid diffusion. In this case,
we find D,~* = 0.5 * 0.2 s/um?, corre-
sponding to a diffusion constant of D, = 2
+ 1 wm?/s, which is in general agreement
with expected values for lipid diffusion in bi-
layer membranes (22, 23).

The quantitative agreement of our find-
ings with those predicted by the 2D Ising
model give us confidence to extrapolate our
correlation length results to physiological
temperatures, where the corresponding cor-
relation lengths are inaccessible to the opti-
cal resolution of fluorescence microscopy
measurements. As described above, we
confirmed that correlation length goes as &
~ E,T./(T— T) (Figure 3, panel e). Our mea-
sured value of £is 1 wm at ~0.3 °C above
the critical temperature of 23.4 °C; therefore
we expect to find a correlation length of 1
pm X 0.3/13.6 = 22 nm in these GPMVs
at physiological temperatures of 37 °C. This
length scale is comparable to recently pro-
posed sizes of putative “raft” domains in
resting cells (2—4) and suggests a possible
physical basis for submicrometer lateral or-
ganization in the plasma membrane of in-
tact cells.

While GPMVs capture much of the com-
positional complexity of intact plasma mem-
branes, they differ in some fundamental as-

pects that still need to be explored. For
example, GPMVs exclude membrane pro-
teins attached to cytoskeletal components
(24), there is some loss of asymmetry be-
tween membrane leaflets (8), and these
membranes are no longer connected to ac-
tive processes within the cell (e.g., lipid recy-
cling). These are all factors predicted to
modulate the phase behavior of membrane
lipids (25-27) and likely contribute to the
fact that macroscopic phase separation is
not routinely observed in living cells at low
temperatures. Even so, it is intriguing to
speculate that lateral heterogeneities in liv-
ing cells at physiological conditions corre-
spond to critical fluctuations. In principle,
perturbations that alter the phase boundary
(and therefore the critical point) could have
a large effect on the size, composition, and
lifetime of critical fluctuations at physiologi-
cal temperatures (28, 29). It has recently
been shown that cross-linking components,
an action often associated with cell activa-
tion, can alter phase transition temperatures
in model membranes (30, 31). Alterna-
tively, cells may simply exploit the low-
energy cost associated with organizing
membrane components in membranes
with critical compositions. Our results point
to critical behavior as an intriguing possibil-
ity for the physical basis of membrane lat-
eral heterogeneity, and they provide motiva-
tion for further studies that probe the
presence and functional relevance of criti-
cal fluctuations in intact cells.

MATERIALS AND METHODS

Experimental Procedures. RBL cells were pre-
labled with either DilC12 or fluorescently tagged
antibodies. GPMVs were prepared as described
previously (8) and viewed between sealed cover-
slips using a Leica DM-IRB inverted microscope
(Bannockburn, IL) with a 40X, 0.65 NA air objec-
tive coupled to a cooled CCD camera (Quantix,
Photometrics, Tucson, AZ). In this configuration,
the pixel size is 143 nm. Images were acquired ev-
ery 0.5 s with 250 ms integration times for Dil mea-
surements. Total DilC12 concentrations are esti-
mated to be <0.25 mol % through comparison
with GUV measurements. Temperature was con-
trolled at the sample to better than 0.05 °C using
a Peltier-based microscope stage in combination
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with a proportional-integral-derivative (PID) con-
troller. Temperature was allowed to equilibrate be-
tween 1 and 5 min between image acquisitions de-
pending on the magnitude of the temperature
step. All analyses were conducted in Matlab.

Line Tension Analysis (T < T). Line tensions are
extracted by measuring the spatial frequency spec-
trum of boundary deviations from the time-
averaged boundary as a function of temperature,
as reported previously (32-34). To maximize sen-
sitivity, we performed our measurements on
vesicles that were completely phase separated,
such that only a single boundary (a straight equa-
torial line on time average) was visible in the 2D
projection of the membrane surface. The displace-
ment of the boundary location from the time-
averaged boundary, h(x), was measured for each
frame. We then performed a Fourier transform (FT)
to obtain the frequency distribution of boundary
fluctuations, h(k), where the FT is defined as h(x)
=1/@m)J”_dkh(k) e*. The low wavenumber val-
ues of (h(k)?), excluding the k = 0 value, were fit
using linear regression to k;7/(\k?), to extract line
tensions (\). Measured values of \ are in good
agreement with previous studies employing simi-
lar analytical techniques (18, 34). Errors were ei-
ther determined directly from the covariance ma-
trix at the best fit solution or as a standard
deviation over values when multiple vesicles ex-
amined at the same temperature distance from the
critical point (T — 7).

Critical Fluctuation Analysis (T > T,). A geometri-
cal correction is applied to images to account
for the spherical nature of the vesicle surface as
described in Supplementary Figure S1. Finite size
2D autocorrelations are determined using a 2D FT
on the acquired image (I) such that G(r,6) =
FT=Y(FT()|?), where G(r) is the density—density
correlation function of the image. Before process-
ing, acquired images were padded with zeros to
eliminate periodic boundary conditions, and auto-
correlation values were normalized to account for
the variable number of pairs that contributed to
each point, N(r, 6). Because few pairs contribute
to large r values, these points have large associ-
ated errors. To account for this G(r,0) images are
windowed by N(r,6)*/? in order to reduce noise at
large r when performing the FT to obtain S(k,0).
Structure factors were then radially averaged to ob-
tain S(k).

In our measurements, we find that camera reso-
lution is better than the optical resolution, and as
a result the acquired images appear to be “fil-
tered” by the point spread function of the micro-
scope. In real space, filtering is equivalent to per-
forming a convolution of the filter with the original
image. A convolution in real space is equivalent
to a multiplication in Fourier (frequency) space;
therefore correlation lengths and compressibili-
ties were evaluated from corrected S(k) functions
SUCh that Scorrected(k) = Sobserved(k)/sresponse(k)' We
measured S ..,,nse fOF OUr system using fluores-
cent particles with diameters well below optical
resolution (150 nm) and approximated it by a
Gaussian with ¢ = 210 nm. Correlation lengths,
&, and osmotic compressibilities, x, were extracted
from time-averaged, corrected S(k) curves by fit-
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ting to the functional form S(k) = x/(1 + k)74
(11). Errors in the fitting parameters £ and x were
determined directly from the covariance matrix at
the best fit solution.

Correlation times are approximated by evaluat-
ing the time autocorrelation function of 750 nm
by 750 nm square patches on the vesicle surface,
averaging the curves obtained for all patches ex-
amined in a given vesicle, and fitting to e™ as il-
lustrated in Supplementary Figure S2. Square
patches of 750 nm? were chosen because they
are above the optical resolution of ourimages, and
enough patches can be examined from a vesicle
to obtain good statistics. The correlation times
plotted in Figure 3, panel f, are the measured cor-
relation time divided by the area probed (0.56
um?) to give D' with units of an inverse diffu-
sion coefficient (s/pwm?).

Acknowledgment: We thank B. Widom, J.
Sethna, B. Stottrup, K. Gawrisch, and S. L. Keller
for helpful conversations. SLV acknowledges a
postdoctoral fellowship from the Cancer Research
Institute. All research was supported by a grant
from the National Institutes of Health (NIH
Al18306).

Supporting Information Available: This material
is free of charge via the Internet.

REFERENCES

1. Simons, K., and Ikonen, E. (1997) Functional rafts in
cell membranes, Nature 387, 569-572.

2. Mayor, S., and Rao, M. (2004) Rafts: scale-
dependent, active lipid organization at the cell sur-
face, Traffic 5, 231-240.

3. Hancock, J. F., and Parton, R. G. (2005) Ras plasma
membrane signalling platforms, Biochem. J. 389,
1-11.

4. Suzuki, K. G., Fujiwara, T. K., Sanematsu, F., lino, R.,
Edidin, M., and Kusumi, A. (2007) GPl-anchored re-
ceptor clusters transiently recruit Lyn and G alpha
for temporary cluster immobilization and Lyn activa-
tion: single-molecule tracking study 1, /. Cell Biol.
177,717-730.

5. Dietrich, C., Bagatolli, L. A., Volovyk, Z. N., Thomp-
son, N. L., Levi, M., Jacobson, K., and Gratton, E.
(2001) Lipid rafts reconstituted in model mem-
branes, Biophys. J. 80, 1417-1428.

6. Gidwani, A., Holowka, D., and Baird, B. (2001) Fluo-
rescence anisotropy measurements of lipid order in
plasma membranes and lipid rafts from RBL-2H3
mast cells, Biochemistry 40, 12422-12429.

7. Ge, M., Gidwani, A., Brown, H. A., Holowka, D., Baird,
B., and Freed, ). H. (2003) Ordered and disordered
phases coexist in plasma membrane vesicles of
RBL-2H3 mast cells. An ESR study, Biophys. J. 85,
1278-1288.

8. Baumgart, T., Hammond, A. T., Sengupta, P., Hess,
S.T., Holowka, D. A., Baird, B. A., and Webb, W. W.
(2007) Large-scale fluid/fluid phase separation
of proteins and lipids in giant plasma membrane
vesicles, Proc. Natl. Acad. Sci. U.S.A. 104,
3165-3170.

VEATCH ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

. Sengupta, P., Holowka, D., and Baird, B. (2007) Flu-

orescence resonance energy transfer between lipid
probes detects nanoscopic heterogeneity in the
plasma membrane of live cells, Biophys. J. 92,
3564-3574.

Swamy, M. J., Ciani, L., Ge, M., Smith, A. K., Ho-
lowka, D., Baird, B., and Freed, J. H. (2006) Coexist-
ing domains in the plasma membranes of live
cells characterized by spin-label ESR spectroscopy,
Biophys. J. 90, 4452— 4465,

Fisher, M. E. (1964) Correlation functions and the
critical region of simple fluids, J. Math. Phys. 5, 944 —
962.

Sengers, J. V., and Levelt Sengers, J. M. H. (1986)
Thermodynamic behavior of fluids near the critical
point, Annu. Rev. Phys. Chem. 37, 189-222.
Widom, B. (1965) Surface tension and moleculra
correlations near a critical point, .. Chem. Phys. 43,
3892-3897.

Onsager, L. (1944) Crystal Statistics. I. A Two-
Dimensional Model with a Order-Disorder Transi-
tion, Phys. Rev. 65, 117-149.

Dunlavy, M. J., and Venus, D. (2005) Critical slowing
down in the two-dimensional Ising model measured
using ferromagnetic ultrathin films, Phys Rev B 71,
144406.

Bechhoefer, J., Duvalil, ). L., Masson, L., Jerome, B.,
Hornreich, R. M.,, and Pieranski, P.. (1990) Critical-
Behavior in Anchoring Transitions of Nematic Liquid-
Crystals, Phys. Rev. Lett. 64,1911-1914.

Veatch, S. L., Soubias, 0., Keller, S. L., and Gaw-
risch, K. (2007) Critical fluctuations in domain-
forming lipid mixtures, Proc. Natl. Acad. Sci. U.S.A.
104,17650-17655.

Honerkamp-Smith, A. R., Cicuta, P., Collins, M.,
Veatch, S. L., Schick, M., den Nijs, M., and Keller,
S. L. (2008) Line tensions, correlation lengths, and
critical exponents in lipid membranes near critical
points, Biophys. J., in press.

Widom, B. (1977) Structure and thermodynamics of
interfaces, in Statistical mechanics and statistical
methods in theory and application (Landman, U.,
Ed.), Plenum Press, New York.

Swinney, H. L., and Henry, D. L. (1973) Dynamics
of fluids near the critical point: decay rate of order-
parameter fluctuations, Phys. Rev. A 8, 2586—
2617.

Lacasse, M. D., Vifials, )., and Grant, M. (1993) Dy-
namic Monte Carlo renormalization-group method,
Phys. Rev. B 47, 5646 —-5652.

Wu, E. S., Tank, D. W., and Webb, W. W. (1982) Un-
constrained lateral diffusion of concanavalin-a re-
ceptors on bulbous lymphocytes, Proc. Natl. Acad.
Sci. US.A. 79, 4962—-4966.

Oradd, G., Westerman, P. W., and Lindblom, G.
(2005) Lateral diffusion coefficients of separate lipid
species in a terary raft-forming bilayer: a Pfg-NMR
multinuclear study, Biophys. J. 89, 315-320.
Menon, A. K., Holowka, D., and Baird, B. (1984)
Small oligomers of immunoglobulin E (IgE) cause
large-scale clustering of IgE receptors on the surface
of rat basophilic leukemia cells, /. Cell Biol. 98,
577-583.

Tserkovnyak, Y., and Nelson, D. R. (2006) Condi-
tions for extreme sensitivity of protein diffusion in
membranes to cell environments, Proc. Natl. Acad.
Sci. U.S.A. 103, 15002-15007.

www.acschemicalbiology.org



26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Collins, M. D., and Keller, S. L. (2008) Tuning lipid
mixtures to induce or suppress domain formation
across leaflets of unsupported asymmetric bilayers,
Proc. Natl. Acad. Sci. U.S.A. 105,124-128.

Gheber, L. A., and Edidin, M. (1999) A model for
membrane patchiness: lateral diffusion in the pres-
ence of barriers and vesicle traffic, Biophys. J. 77,
3163-3175.

Veatch, S. L. (2007) From small fluctuations to large-
scale phase separation: lateral organization in
model membranes containing cholesterol, Semin.
Cell Dev. Biol. 18, 573-582.

Keller, S. L., Pitcher, W. H., Huestis, W. H., and Mc-
Connell, H. M. (1998) Red blood cell lipids form im-
miscible liquids, Phys. Rev. Lett. 81, 5019-5022.
Hammond, A. T., Heberle, F. A., Baumgart, T., Ho-
lowka, D., Baird, B., and Feigenson, G. W. (2005)
Crosslinking a lipid raft component triggers liquid
ordered-liquid disordered phase separation in
model plasma membranes, Proc. Natl. Acad. Sci.
US.A. 102, 6320—-6325.

Liu, A. P., and Fletcher, D. A. (2006) Actin polymeriza-
tion serves as a membrane domain switch in model
lipid bilayers, Biophys. J. 91, 4064 —4070.

Seul, M., and Sammon, M. J. (1990) Competing inter-
actions and domain-shape instabilities in a mono-
molecular film at an air-water interface, Phys. Rev.
Lett. 64,1903-1906.

Stottrup, B. L., Heussler, A. M., and Bibelnieks, T. A.
(2007) Determination of line tension in lipid mono-
layers by fourier analysis of capillary waves, J.
Phys. Chem. B 111,11091-11094.

Esposito, C., Tian, A., Melamed, S., Johnson, C., Tee,
S.Y., and Baumgart, T. (2007) Flicker spectroscopy
of thermal lipid bilayer domain boundary fluctua-
tions, Biophys. J. 93, 3169-3181.

Baumgart, T., Hammond, A., Sengupta, P., Holowka,
D., Baird, B., and Webb, W. W. (2006) Imaging of
protein partitioning in plasma membranes with co-
existing fluid phases, Biophys. Soc. Meeting Abstr.
Biophys. J. Suppl. 20a, Abstract, 758-Plat.

www.acschemicalbiology.org

VOL.3 NO.5

287-293

2008

293



