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Possible segregation of plasma membrane (PM) phosphoinositide
metabolism in membrane lipid domains is not fully understood. We
exploited two differently lipidated peptide sequences, L10 and $15,
to mark liquid-ordered, cholesterol-rich (L,) and liquid-disordered,
cholesterol-poor (Ly) domains of the PM, often called raft and non-
raft domains, respectively. Imaging of the fluorescent labels verified
that L10 segregated into cholesterol-rich L, phases of cooled giant
plasma-membrane vesicles (GPMVs), whereas S15 and the dye FAST
Dil cosegregated into cholesterol-poor Ly phases. The fluorescent
protein markers were used as Forster resonance energy transfer
(FRET) pairs in intact cells. An increase of homologous FRET between
L10 probes showed that depleting membrane cholesterol shrank L,
domains and enlarged Ly domains, whereas a decrease of L10 FRET
showed that adding more cholesterol enlarged L, and shrank Lg.
Heterologous FRET signals between the lipid domain probes and
phosphoinositide marker proteins suggested that phosphatidylino-
sitol 4,5-bisphosphate [PtdIns(4,5)P,] and phosphatidylinositol
4-phosphate (PtdIins4P) are present in both L, and Ly domains. In
kinetic analysis, muscarinic-receptor-activated phospholipase C (PLC)
depleted PtdiIns(4,5)P, and Ptdins4P more rapidly and produced diac-
ylglycerol (DAG) more rapidly in L, than in Ly. Further, Ptdins(4,5)P,
was restored more rapidly in L, than in Ly. Thus destruction and
restoration of Ptdins(4,5)P, are faster in L, than in Ly. This suggests
that L, is enriched with both the receptor G protein/PLC pathway
and the Ptdins/Pl4-kinase/PtdIns4P pathway. The significant kinetic
differences of lipid depletion and restoration also mean that ex-
change of lipids between these domains is much slower than free
diffusion predicts.
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his article concerns signaling in distinct domains of the plasma

membrane (PM). It has long been hypothesized that the lipids
and proteins of the PM are laterally heterogeneous, being orga-
nized in nanodomains or liquid phases of differing composition (1,
2). When distinct liquid phases coexist in membranes, different
lipids prefer liquid-ordered (L,,) or liquid-disordered (L4) phases,
sometimes viewed as corresponding to membrane rafts and non-
rafts (3, 4). Such domains have been difficult to study in the PM of
live cells due to their postulated diffraction-limited size and rapid
dynamics (5). The barriers to observation in living cells meant that
many early studies used fixed cells or detergent extracts (6-10).
However, such processing might itself introduce artifacts, and the
cells are no longer living. For example, the nonionic detergent
Triton X-100, is considered to extract the lipids of Ly domains
selectively, leaving behind the insoluble L, domains, yet it was also
suggested to induce artifactual aggregation of phosphoinositides
like phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,] in the
PM (11, 12). More recent work has used giant plasma membrane
vesicles (GPMVs) derived as induced blebs from living cells where
macroscopic, visible lipid phase separation can be induced by
lowering the temperature (610, 13, 14). L, lipid domains of the
PM also are said to segregate some signaling proteins, to nucleate
caveolae (15), and even to host the budding (in the “budozone™)

PNAS 2021 Vol. 118 No. 9 2025343118

and/or entry of some membrane viruses including influenza,
hepatitis C, HIV, and coronaviruses (16-19).

PtdIns(4,5)P,, predominantly located at the PM, regulates many
essential functions, including vesicle docking and secretion, endo-
cytosis, excitability of neurons, and ion channel activity (20). It is the
substrate of receptor-activated phospholipase C (PLC). The sub-
microscopic distribution of PtdIns(4,5)P, at the PM has been
studied using superresolution microscopy with PtdIns(4,5)P,-spe-
cific antibodies (21), fluorescently tagged pleckstrin homology do-
mains (PHppcs1) (11, 22), and electron microscopy (11). But the
nanodomain distribution of PtdIns(4,5)P, remains controversial.
Many results suggest that PtdIns(4,5)P; is heterogeneously distrib-
uted in the PM (21, 23-25) and favor the notion that it is concen-
trated in L, or raft domains. As detergent-insoluble membranes
that define rafts could be an artifact of sample preparation, others
argue that PtdIns(4,5)P, may be homogenous at the PM (11,
12, 26).

Because lipid domains of the living cell PM are considered too
small to measure with light microscopy, we turned to Forster
resonance energy transfer (FRET) in live cells labeled with PM-
targeted fluorescent probes showing some selectivity for L, or Ly
domains (27, 28). This live-cell optical method avoids detergent
extraction or formation of GPMVs. The Lck-derived L10 probe
(L10) with two palmitoylation sites and one myristoylation site
segregates predominantly to lipid-ordered domains, whereas the
Src-derived S15 probe (S15) with one myristoylation site and a
string of basic residues, segregates almost fully to lipid-disordered

Significance

Lipids of bilayer membranes can segregate laterally into dis-
tinct liquid phases of different composition called liquid or-
dered and liquid disordered, and corresponding in the plasma
membrane of living cells to nanodomains called raft and non-
raft domains. Using Forster resonance energy transfer and
genetically expressible protein probes of lipid domains, we find
that several steps of the metabolism of phosphoinositide lipids
are concentrated in cholesterol-rich liquid-ordered domains of
the plasma membrane. The receptor-mediated breakdown and
the restoration of major phosphoinositide pools are faster in
the liquid-ordered than in the liquid-disordered domains. Thus,
the ordered domains host a key lipid signaling system of
the cell.

Author contributions: J.M., C.-G.P., B.-C.S., and B.H. designed research; J.M. performed
research; C.-G.P. and B.-C.S. contributed new reagents/analytic tools; J.M. and B.H. ana-
lyzed data; and J.M. and B.H. wrote the paper.

Reviewers: T.B., NIH; and P.D.C., HHMI and Yale University .
Published under the PNAS license.

The authors declare no competing interest.

"To whom correspondence may be addressed. Email: hille@uw.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2025343118/-/DCSupplemental.

Published February 22, 2021.

https://doi.org/10.1073/pnas.2025343118 | 1 of 10

>
(L]
o
-
]
@
—
—
frr}
o

www.manaraa.com


https://orcid.org/0000-0002-7900-0884
https://orcid.org/0000-0002-4739-1913
https://orcid.org/0000-0003-0278-2459
https://orcid.org/0000-0002-7266-1671
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2025343118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:hille@uw.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025343118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2025343118/-/DCSupplemental
https://doi.org/10.1073/pnas.2025343118
https://doi.org/10.1073/pnas.2025343118

Downloaded at Palestinian Territory, occupied on December 4, 2021

domains (28) (see Fig. 14 for the structures). We performed con-
trol experiments to validate the selectivity of the L10 and S15
probes. Then, using quantitative optical measurements during re-
ceptor stimulation, we assessed the spatiotemporal kinetics of
phosphatidylinositide metabolism in domains labeled by the probes.
This approach allowed us to determine that the receptor-induced
degradation and restoration of PtdIns(4,5)P, show a preference for
L, domains. We also recognized that the lateral exchange of lipids
between L, and Ly domains was far slower than predicted by free
diffusion.

Results

Targeting Fluorescence-Tagged Peptides to L, or Ly Domains of the
PM. We fused CFP and YFP onto short peptides containing se-
quences for both palmitoylation and myristoylation or for myr-
istoylation alone derived from either the N-terminal 10 residues of
Lck or the N-terminal 15 residues of Src (Fig. 14) (27, 28). When
transfected into tsA-201 cells, both L10-YFP and S15-YFP
showed good PM localization (Fig. 1B). Although we expected
that the two probes would target L, or Ly domains, respectively,
conventional confocal light microscopy showed fully overlapping
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PM expression (Fig. 1C). This observation could still be consistent
with tiny domains below the diffraction limit in intact cells. To
resolve a shorter spatial scale, we turned to FRET measured by
the three-cube method (29). For YFP and CFP pairs, FRET
would be sensitive to length scales below 10 nm. We compared
FRET efficiency (FRET.) of CFP- and YFP-tagged L10 and S15
expressed in cells (Fig. 1D). Homologous FRET. between CFP-
and YFP-tagged L10 molecules was higher than heterologous
FRET.¢ between L10-CFP and S15-YFP, suggesting that L10 lo-
calizes near itself more than near S15 (Upper graph). Similarly, ho-
mologous FRET¢ between CFP- and YFP-tagged S15 molecules
was higher than heterologous FRET¢ between S15-CFP and L10-
YFP, suggesting that S15 localizes near itself more than near L10
(Lower graph). Nevertheless, the separation of L10 and S15 was not
complete. Reports by detergent extraction that the L:L4 distribution
ratio for L.10 is 63%:37% and that for S15 is 2%:98% (30) in Jurkat
T cells, might suggest why there still could be significant FRET
between L10 and S15, perhaps occurring primarily in Ly domains.
Macroscopic PM lipid domains are rarely observed by imaging
in live cells, but they have been observed in certain GPMVs
derived from cells. GPMVs isolated as induced blebs from the
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Fig. 1. L, and Ly domain targeting of fluorescent-tagged peptide probes. (4) Targeting of specific PM domains by L10 and S15 derived from 10 and

15 N-terminal residues of Lck and Src. Sites of myristoylation and palmitoylation are indicated. (B) Confocal image showing PM localization of the L10 or S15
probes in intact tsA-201 cells. Negative contrast (fluorescence is dark). (C) Two-color confocal images of a cell coexpressing L10-CFP and S15-YFP showing the
CFP channel, the YFP channel, and a superposition. The last panel with two line scans along the dashed line in the superimposed image reveals membrane

localization. (D) Comparison of homologous and heterologous FRET ¢ between

of L10 and S15. FRET.¢ of L10-CFP and L10-YFP (n = 35 cells) or S15-YFP (n = 40

cells) and S15-CFP and L10-YFP (n = 20 cells) or S15-YFP (n = 28 cells). (E) Representative confocal images of L10 and S15 show segregated localization in
cooled GPMVs. A cooled GPMV expressing L10-YFP (Top) or S15-YFP (Bottom) is loaded with FAST Dil, which targets Ly domains. The superimposed nor-
malized line scans follow a circular curve around the cooled GPMVs. The GPMV is derived from a transfected tsA-201 cell. (F) FAST Dil intensity plotted against
L10-YFP intensity (Top Left plot) or S15-YFP (Bottom Left) along with the p = —1 (orange line) and p = +1 (purple line). Pearson correlations between FAST Dil

and L10-YFP or S15-YFP were measured (Top Right) (L10-YFP, n = 19; S15-YFP,
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n = 22). *P < 0.05, ***P < 0.001, n.s., not significant. (All scale bars, 10 pm.)
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mammalian PM have been an important tool for studying physical
properties of physiological membranes (13). To validate prefer-
ences of L10 and S15 for liquid-ordered versus -disordered phases
in the PM, we expressed the probes in cells and then prepared
GPMVs using established protocols involving dithiothreitol
(DTT) and paraformaldehyde (PFA) (31) (Fig. 1E). Previous
studies on the phase behavior of GPMVs from a number of cell
types show that large, phase-segregated domains form when these
membranes are cooled to temperatures well below physiological
temperature (13) or if some of the membrane components are
artificially clustered (32). The fluorescent dye, FAST Dil, with
diunsaturated linoleyl tails (C18:2), is considered a selective
marker of Ly domains (33, 34). In our GPMV membranes, FAST
Dil distributed apparently uniformly at 25 °C (SI Appendix, Fig.
S1 A, Upper) but showed clear macroscopic phase separation when
the temperature was reduced (SI Appendix, Fig. S1 A, Lower).
Whereas GPMVs derived from a rat basophilic leukemia cell line
become phase separated around 18 °C (35), we found that
GPMVs from tsA-201 cells showed phase separation only below
10 °C (SI Appendix, Fig. S1B). Therefore, we conducted our
GPMYV experiments at ~5 °C, designated as “cooled GPMVs.”
Confocal fluorescence microscopy of cooled GPMVs revealed
macroscopic phase separation of YFP-tagged L10 and, in a

separate experiment, macroscopic phase separation of S15 (first
column in Fig. 1E). In the same cooled GPMVs, distinct Ly phase
domains were revealed using FAST Dil (second column in
Fig. 1E). The third column superimposes the YFP (green) and
FAST Dil images (red), and the fourth column plots line scans that
followed the dashed curved line around the overlaid images. L10-
YFP showed a striking negative spatial correlation with FAST Dil
(quantified by a Pearson correlation coefficient, p = —0.78 + 0.03,
n = 19 GPMVs), and S15-YFP showed a striking positive corre-
lation (p = 0.90 + 0.01, n = 22 GPMVs; Fig. 1F). In summary, in
cooled GPMVs from tsA-201 cells, L10 segregated mainly in L,
domains and S15 segregated in Ly. In our experiments, the L,
domains of GPMVs covered a larger membrane fraction than Ly
(L10: 62 + 4%, FAST Dil: 29 + 1%, S15: 34 + 3%) (Fig. 2C). This
larger L,, area confirmed previous results on GPMVs derived from
NIH 3T3 fibroblasts (36). Similar experiments with intact tsA-201
cells did not detect macroscopic phase separation upon cooling to
5 °C; rather the cells just appeared to shrink (S Appendix, Fig. S1C).

We performed control intramembrane lateral diffusion ex-
periments with GPMVs to determine the physical state of the
cooled membranes. Lateral diffusion coefficients of 0.1 pm?/s are
reported for dye-labeled PtdIns(4,5)P, (with two fatty acid
chains) at room temperature in baby hamster kidney cell PM and
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Fig. 2. Change of domain area by varying cholesterol in the PM. (A) Schematic representation of changes of L, and L4 size and of the surface density of L10
and S15 during application of cholesterol chelators (MBCD or BCD) or carriers (WSC). (B) Representative GPMV images and line scans in cholesterol-modifying

media. L10-YFP (Top) or S15-YFP (Bottom) expressing GPMVs have been chi

lled to induce PM phase separation. The intensity profiles plot the fluorescence

intensity following the white dashed arrows around the GPMVs. (C) Quantification of FAST Dil, S15-YFP, and L10-YFP fractional phase area in GPMVs from
three independent experiments. Multiple GPMVs (n) were analyzed for each condition. FAST Dil: (c, control) 0.29 + 0.01, n = 22; («, «CD) 0.25 + 0.01, n = 23; (B,
BCD) 0.50 + 0.02, n = 27; (Mg, MBCD) 0.60 + 0.02, n = 28; (W, WSC) 0.14 + 0.01, n = 13; S15-YFP: (control) 0.34 + 0.03, n = 17; (aCD) 0.32 + 0.02, n = 13; (BCD)
0.56 + 0.03, n = 18; (MBCD) 0.60 + 0.03, n = 19; (WSC) 0.16 + 0.02, n = 8; L10-YFP: (control) 0.62 + 0.04, n = 16; («CD) 0.66 + 0.02, n = 16; (3CD) 0.33 + 0.04, n =
18; (MBCD) 0.20 + 0.04, n = 18; (WSC) 0.81 + 0.02, n = 8. *P < 0.05, **P < 0.005, ***P < 0.001, n.s. not significant. Error bars show SEM. (Scale bars, 10 pm.)

Conc., concentration.
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of 1 um?s in macrophages (37). In giant unilamellar membranes
at room temperature, diffusion coefficients for a variety of la-
beled lipids range from 0.1 to 0.7 pm?/s in L, domains and from 5
to 12 pm?%s in the less rigid Ly domains (33). By contrast, at 4 °C
(below a transition temperature) diffusion coefficients in gel-
phase dimyristoylphosphatidylcholine multibilayers were below
0.001 pm?/s for a di-C18 dye (38). To measure diffusion in the L,
domains of our cooled GPMVs, we employed fluorescence re-
covery after photobleaching (SI Appendix, Fig. S1D). A patch of
the L10-YFP within an L, domain was bleached (at arrowhead)
with intense light for 2 s, finishing at time 0. Subsequent frames
and the sequential line scans (SI Appendix, Fig. S1 D-F) showed
spread of the lateral L10-YFP label such that the depressed L10-
YFP fluorescence intensity began to even out over 10 s to a new
lower baseline. The experiment was done at ~5 °C. SI Appendix,
Fig. S1E plots raw line-scan points from the experiment of S/
Appendix, Fig. S1 D and F plots the averaged data from three
experiments binned in distance intervals of 0.6 pm to reduce noise.
The smooth curves in these two panels are solutions of a one-
dimensional diffusion equation with a membrane diffusion coef-
ficient for L10 of D = 0.3 pm%s in the L, domain (Materials and
Methods). To gauge the sensitivity of our rough analysis, SI Ap-
pendix, Fig. S1G compares model curves at 5 s when the assumed
diffusion coefficient was increased or decreased threefold.
Recalling that L10 (with three fatty acid chains) is linked to a
cytoplasmic fluorescent protein, the 0.3 pm?s diffusion coefficient
suggested that the L, domain of cooled GPMVs retained liquid-
like properties at 5 °C rather than acting like a solid or gel phase.
Collectively, the segregated PM domain localizations of fluo-
rescently tagged L10 and S15 in GPMVs validated their use in
FRET experiments as markers of L, and Ly domains, respectively.
The C-terminal, CAAX-containing sequences of H-ras and K-ras
also have been considered for identifying L, and Ly, respectively
(39). In our hands, they both concentrated in Ly domains of cooled
GPMVs (SI Appendix, Fig. S2) and were not studied further.

Controlling PM Domains by Varying the Cholesterol Level. Choles-
terol is a diagnostic component of L, domains that helps maintain
their structure (40, 41). It is more abundant in the outer leaflet of
the PM than in the inner leaflet (42, 43). Treatment of cells or
GPMVs with cholesterol-chelating methyl-p-cyclodextrin (MBCD)
in the medium reduces PM cholesterol (42-44), and treatment
with preloaded MPCD-cholesterol complexes (marketed as
“water-soluble cholesterol” [WSC]) increases PM cholesterol (45).
As diagrammed in Fig. 24, removing cholesterol from GPMVs by
extraction has been observed to change area fraction by shrinking
the L, domains and expanding the Ly domains, and conversely
adding cholesterol to the PM expands L, and shrinks Ly (3, 36).
To confirm the effects of cholesterol on L, and Ly domains, we
applied MBCD or WSC to cooled GPMVs from cells expressing
the L10 and S15 probes (Fig. 2B). Extraction of cholesterol by
5 mM of active MBCD or active p-cyclodextrin (BCD), shrank the
L,- and expanded the Lj-domain sizes (Fig. 2 B, Left). The ad-
dition of cholesterol (1 mg/mL WSC) expanded the L, and
shrank the Ly-domains (Fig. 2 B, Middle). These dramatic changes
in domain size during cholesterol manipulation were quantified by
calculating the fraction of the total circumference with normalized
intensity greater than 0.5 (Fig. 2C). Thus, we confirmed that the
L10-accumulating L, domains of GPMVs are enriched in cho-
lesterol and change area fraction as cholesterol is varied. As a
control experiment, 5 mM of inactive a-cyclodextrin («CD), which
does not chelate cholesterol, did not change L, domain fractions
(Fig. 2 B, Right and Fig. 2C).

After these successful preliminary experiments in a model
system, we could turn to our principal goal, to examine PM
domains in intact living tsA-201 cells at room temperature. Since
no spatial segregation of our labels was visible in the light mi-
croscope, we looked for probe density changes using FRET while
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manipulating the cholesterol content. If the total area of PM
surface did not change, removal of cholesterol should shrink the
area fraction of the L, phase, increasing L10 density, while also
increasing the area fraction of the Ly phase, decreasing S15
density, as diagrammed in Fig. 24. The opposite changes should
occur if cholesterol were added. To test whether the total PM
surface area changed, we monitored PM electrical capacitance
under whole-cell patch clamping during application of «CD and
MBCD. There were no significant changes of membrane capaci-
tance (aCD control: before, 14.1 + 1.0 pF; at 10 min, 14.3 + 1.0
pF; MBCD: before, 14.0 + 1.4 pF; at 10 min, 14.8 + 1.0 pF)
meaning that changing the cholesterol did not alter the total area
by more than 7.5%. Nevertheless, there were clear changes of
FRET that signaled reciprocal changes in surface density of L10
and S15 (Fig. 3). Here we monitored homologous FRET between
L10-CFP and L10-YFP, or, in separate experiments, between S15-
CFP and S15-YFP in transfected tsA-201 cells. Application of
BCD or MBCD gave significant increases in L10-L10 and de-
creases in S15-S15 homologous FRET as anticipated (Fig. 3.4 and
B). Similar reciprocal changes were seen with transfected HEK-
293 cells (SI Appendix, Fig. S3). Application of WSC gave the
opposite changes from MBCD (Fig. 3C). Application of WSC in
the middle of MBCD halted the ongoing changes (Fig. 3D), and
application of MBCD in the middle of WSC reversed the ongoing
changes (Fig. 3E). The effects of adding or removing cholesterol
developed with half times of 200 to 300 s and were almost com-
plete in 10 min. As a control, a 10-min application of inactive xCD
did not change the density of either probe (Fig. 3F). These results
showed that living cells have L, and Ly domains that are reliably
reported by L10 and S15 probes and that L, domains sequester
much of the membrane cholesterol. We can note that the ap-
proximate equality in the magnitude of the complementary FRET
changes implied that the L, and Ly domains each initially occu-
pied roughly equal fractions of the total lipid area. Therefore,
although their territories were below the resolution of the mi-
croscope, neither could be regarded as a minority island in a sea of
the other in intact cells.

Faster Hydrolysis of Ptdins(4,5)P, in L, during Receptor Stimulation.
The L10 and S15 probes allowed us to study phosphoinositide me-
tabolism in specific domains of the PM. In these experiments we
monitored PM PtdIns(4,5)P, using CFP-tagged PtdIns(4,5)P,-bind-
ing pleckstrin homology (PH) domains of PLC31 (CFP-PHp; 5;) as
probes (46), and we stimulated transfected M; muscarinic receptors
(M;R) with the agonist oxotremorine-M (Oxo-M, 10 uM) to activate
phospholipase-Cp  (PLCP) and hydrolyze PM PtdIns(4,5)P,
(Fig. 44). In order to compare the dynamics of PtdIns(4,5)P, de-
pletion and restoration in L, and Ly domains, we measured heter-
ologous FRET between the CFP-PHp; 5 lipid probe and either
L10-YFP or S15-YFP domain markers in the PM. For the two
domain markers the average FRET, values for the initial 120 s were
similar, L.10: 18.8% and S15: 17.7%, indicating that PtdIns(4,5)P;, is
present in both lipid domains. Fig. 4B shows the time courses of
heterologous FRET between CFP-PHp;cs; and both domain
markers. Activation of M;R by muscarinic agonist Oxo-M (10 pM)
promoted depletion of PtdIns(4,5)P, in both domains, seen as a
rapid reduction of FRET. Finally, washout of receptor agonist
allowed recovery of PtdIns(4,5)P, in both lipid domains. Here and in
the following experiments, the FRET traces were normalized to the
resting FRET for the first 120 s, and the absolute resting FRET ¢
values are given in the legend.

Although the decrease and recovery of PM PtdIns(4,5)P, were
qualitatively similar in the two domains, quantitative differences
were apparent in closer kinetic analysis. We measured the ex-
ponential time constants for the heterologous FRET decrease
(7) representing PtdIns(4,5)P, depletion during receptor activa-
tion. The decrease was twice as fast in L, domains (L10-YFP, © =
10s) asin Ly (S15-YFP, © =20 s) (Fig. 4 B and E). Similar results
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Fig. 3. Surface density changes of membrane L10 and S15 during cholesterol manipulation in living cells at room temperature. Averaged time courses of the
homologous nFRET¢s between CFP- and YFP-labeled L10 (red), and between CFP- and YFP-labeled S15 (blue) in separate tsA-201 cells at room temperature.
Normalized FRET traces: (A) 5 mM BCD (L10: n = 6 cells, S15: n = 6 cells); (B) 5 mM MBCD (L10: n = 15 cells and S15: n = 14 cells); and (C) 1 mg/mL WSC (L10: n =5
cells and S15: n = 5 cells). Pale blue and pink lines are aCD control experiments from F. (D) WSC was applied 5 min after application of MBCD (L10: n = 11 cells
and S15: n = 8 cells). (E) MBCD was applied 5 min after application of WSC (L10: n = 6 cells and S15: n = 5 cells). Pale blue and pink in D and E come from B and

C. (F) 5 mM aCD control (L10: n = 6 cells and S15: n = 6 cells).

were obtained in cells transfected with Ms muscarinic receptors,
showing FRET decreases that were three times faster in L, (t =
8s) than in Ly (t = 23 5) (S] Appendix, Fig. S44 and Fig. 4E). The
domain-specific kinetics during M R activation could be com-
pared with the more familiar global dynamics of PtdIns(4,5)P,-
dependent KCNQ2/3 current and of PH-domain migration
reported by homologous FRET between CFP-PHp; 51 and YFP-
PHp; cs51. Muscarinic suppression of KCNQ2/3 current developed
with a time constant of 7 s (S Appendix, Fig. S4 B and E), and the
decrease of homologous PH domain FRET developed with a time
constant of 8 s (SI Appendix, Fig. S4 C and E). Thus these two
traditional measures corresponded best to the results with L,
domains, as defined by the L10 domain marker (Fig. 4E), as if the
receptor-induced hydrolysis of PtdIns(4,5)P, occurred preferen-
tially in L,. To analyze the resting PtdIns(4,5)P, distribution in
intact cells, we monitored homologous FRET. between CFP-
PHp; cs1 and YFP-PHpy 51 (ST Appendix, Fig. S54) as well as
heterologous FRET ¢ between CFP-PHp 51 and either L10-YFP
or S15-YFP (SI Appendix, Fig. S5B) during cholesterol manipu-
lation. None of these FRET,¢ signals was sensitive to application
of MBCD or application of inactive «CD, again as if PtdIns(4,5)P,
is present universally and occupies both the Ly domains and the
cholesterol-rich L, domains of living cells.

As an additional measure of the rate of PtdIns(4,5)P, break-
down in each domain, we monitored the generation of one of the
PtdIns(4,5)P, hydrolysis products, diacylglycerol (DAG) using
CFP-tagged tandem ClA-ClA domains from PKCy (47). In
resting cells, where DAG in the PM was low, the CFP-tagged
C1A-C1A probes were localized in the cytoplasm, and L10-YFP
and S15-YFP were in the PM producing little heterologous
FRET with the DAG probe (Fig. 4C). When PM DAG increased
during receptor activation, the cytoplasmic DAG probes were
recruited to the L10- or S15-enriched domains increasing the
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heterologous FRET signals. In principle, the DAG should be
produced simultaneously and stoichiometrically with PtdIns(4,5)
P, breakdown (Fig. 44). As anticipated, we found faster and
larger production of DAG in L10-enriched domains (time con-
stant, T = 10 s) than in S15-enriched domains (t = 19 s) con-
firming faster PtdIns(4,5)P, hydrolysis in L, domains.

Phosphatidylinositol 4-phosphate (PtdIns4P) is the precursor
of PtdIns(4,5)P, and probably also is a substrate cleaved by the
PLC enzyme. The mean resting heterologous FRET between
CFP-tagged P4M, a PtdIns4P probe from SidM (48), and L10-
YFP or S15-YFP (SI Appendix, Fig. S5B), was 11.8% and 9.3%),
respectively, indicating that PtdIns4P is present in both lipid
domains at the PM as we found for PtdIns(4,5)P,. We measured
the depletion time course of PtdIns4P in the two domains by
heterologous FRET during M;R stimulation (Fig. 4 D and E).
PtdIns4P decreased in both lipid domains, and again the de-
crease was twice as fast in L, domains (11 s) as in Ly domains (24
s). Altogether these data confirm the presence in both domains
of a synchronized depletion of PtdIns(4,5)P, and PtdIns4P that is
twice as fast in L, domains as in Ly during muscarinic M;R and
M;R stimulation.

Faster Recovery of Ptdins(4,5)P, in L,. When PLCp is activated
through stimulation of M;R, the pools of PtdIns4P and
PtdIns(4,5)P, decrease rapidly. Subsequent recovery of
PtdIns(4,5)P, is a slower two-step reaction that requires the
precursor phosphatidylinositol (PtdIns) and two lipid kinases,
PI4-kinase (PI4K) and PIP5-kinase (PIP5K) (Fig. 44). Are these
activities concentrated in specific lipid domains? During agonist
application, heterologous FRET between CFP-PHp;cs; and
L10-YFP or between CFP-PHp; c5; and S15-YFP declined and
after removal of agonist, recovered, showing the dynamic de-
pletion and restoration of PM PtdIns(4,5)P,. Recovery from a
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Fig. 4. Faster PtdIns(4,5)P, hydrolysis in L, domains than in Lg. (A) Partial schematic diagram of the phosphoinositide cycle. Blue labels are enzymes or
receptors. Abbreviations: 4-Pase, 4-phosphatase; 5-Pase, 5-phosphatase; and VSP, voltage-sensing phosphatase. (B) Averaged time courses of NFRETe¢s in Lo
and Lyq domains upon activation of MR by 10 pM Oxo-M. Heterologous FRET between CFP-PHp cs1 and L10-YFP (red) or S15-YFP (blue) in separate tsA-201
cells. Error bars show SEM. The Inset shows the first 60 s expanded (L10: n = 22 cells and S$15: n = 23 cells). The absolute resting FRET¢¢ used for normalizations
was L10: 18.8 + 3.4% and S15: 17.7 + 3.3%. (C) Time courses of NFRET.¢ between CFP-tagged C1A-C1A domains and L10-YFP or S15-YFP in M4R-expressing
cells. CFP-tagged C1A-C1A domains detect DAG at the PM and increase the FRET signal when DAG increases in the labeled domains (L10: n = 12 cells and S15:
n = 12 cells). The absolute resting FRET.¢ used for normalizations was L10: 10.2 + 1.2% and S15: 10.9 + 1.2%. (D) Averaged time courses of PtdIns4P in the
specified PM domains measured by FRET between the CFP-tagged P4M probe and L10-YFP or S15-YFP in cells (L10: n = 18 cells and S15: n = 19 cells). The
absolute resting FRET.¢¢ used for normalizations was L10: 11.8 + 1.2% and S15: 9.3 + 1.6%. (E) Time constants of lipid depletion during receptor activation in
L, and Ly domains. *P < 0.05, **P < 0.005, ***P < 0.001, n.s., not significant.

20 s Oxo-M stimulation was faster in L, than in L4 (Fig. 5 A4 and
D). The time constant of recovery was 40 + 4 s with L10 and 71 +
8 s with S15. When we extended the Oxo-M agonist application
time to 60 s, the difference was no longer statistically significant
(Fig. 5 B and D). However, a significant difference was revealed
by manipulating membrane cholesterol. When we applied
MBCD immediately after removing Oxo-M, PtdIns(4,5)P, re-
covery was accelerated in L, domains (32 + 4 s) and markedly
retarded in Ly domains (142 + 22 s) (Fig. 5 C and D). The dif-
ferential effects of MBCD application were also seen when it was
applied 3 min before Oxo-M (SI Appendix, Fig. S6 A and C), but
were less striking when applied 20 min before (SI Appendix, Fig.
S6 B and C). Together these data indicate that under many
circumstances replenishment of PtdIns(4,5)P, is demonstrably
faster in L, domains than in Ly domains.

Contributions of PI4K and PIP5K to Fast Recovery in L, Domains. We
tested which kinase activity, PI4K, PIP5K, or both, is more active
in L, than in Ly domains. Endogenous PIP5K activity during
PtdIns(4,5)P, recovery, was assessed by measuring the recovery
kinetics after a rapid dephosphorylation of PtdIns(4,5)P, to
PtdIns4P at the PM. The Danio rerio voltage-sensing S-phosphatase
(VSP) was expressed in the cells and activated by a short depola-
rizing voltage step (49) (Figs. 44 and 64). During this brief acti-
vation (2 s at 100 mV), the PtdIns(4,5)P, in both domains was
depleted by conversion to PtdIns4P, and then it recovered with
indistinguishable time constants, 5.8 + 1.1 sin L, and 5.9 + 1.0 s in
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Ly (Fig. 6 A and D). Additionally, we measured PIP5K activity in
each domain after shrinking the area fraction of L, phase and in-
creasing the area fraction of Ly phase by cholesterol extraction
(Fig. 6 B and C). The VSP phosphatase was activated twice by
voltage steps; the first depolarization served to monitor control
recovery, and the second followed 3 min in MBCD. The PtdIns(4,5)
P, recovery rates were not significantly different among the four
conditions (Fig. 6D). These experiments indicated that endogenous
PIP5K and also overexpressed VSP are distributed in the PM with
little preference between the lipid domains.

The similarity of endogenous PIPSK activity in the L, and Ly
domains suggested that we should look for local differences in
endogenous PI4K activity instead. We measured the recovery
time course of the PI4K product PtdIns4P in each domain after
Oxo0-M stimulation using heterologous FRET between CFP-
tagged P4M probes and L10-YFP or S15-YFP. When the Oxo-
M stimulus was short (20 s), the recovery of PM PtdIns4P was
faster in L, domains (t = 112 + 12 s) than in Ly (t = 162 + 17 s)
(Fig. 6 E and H). When the receptor stimulation was lengthened
to 60 s, a difference in mean recovery time constant persisted but
was no longer significant (SI Appendix, Fig. S7 A and B). As for
PtdIns(4,5)P, recovery experiments, we also tested the effect of
MBCD on PtdIns4P recovery after 60-s Oxo-M treatments
(Fig. 6 F-H). Shrinkage of the L, domain immediately following,
or 3 min before, receptor stimulation, induced faster recovery of
PtdIns4P in the L, domain than in Ly. The experiments sug-
gested that PtdIns4P recovery is differentially concentrated in L,
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Fig. 5. Faster PtdIns(4,5)P, recovery in L, domains than in Lq4 after receptor
activation. (A) Time courses of averaged heterologous nFRET.¢ between
CFP-PHp 51 and L10-YFP (red) or S15-YFP (blue) during and after 20-s stim-
ulation of the M, receptor by Oxo-M application (L10: n =8 cells and S15: n =
14 cells). Error bars show SEM. The absolute resting FRET¢¢ used for nor-
malizations was L10: 20.2 + 2.8% and S15: 20.5 + 1.5%. (B) Ptdins(4,5)P,
dynamics during and after 60-s Oxo-M application (L10: n = 15 cells and S15:
n = 15 cells). The absolute resting FRETe¢ used for normalizations was L10:
20.1 + 2.7% and S15: 21.3 + 5.2%. (C) PtdIns(4,5)P, dynamics when 5 mM of
MBCD was applied immediately following 60 s of Oxo-M (L10: n = 7 cells and
S15: n = 9). The absolute resting FRET.¢ used for normalizations was L10:
22.4 + 3.3% and S15: 24.3 + 4.4%. (D) Quantification of the lipid recovery
time constants for different conditions. *P < 0.05, ***P < 0.001.

domains, but PM PIP5K activity is not. Interestingly, in both
domains, PtdIns4P recovery occurred only 70 to 80 s after
PtdIns(4,5)P, had recovered.

Discussion

Using cell-derived GPMVs, we have verified the use of L10 and
S15 as marker probes for membrane cholesterol-rich L, and
cholesterol-poor Ly domains, respectively (28, 30). In intact tsA-
201 cells, the two exclusive domains each occupy about the same
area fraction of the cell membrane surface. Then we used the
probes in kinetic studies. We achieved 1-s time resolution be-
cause we combined FRET, rapid continuous solution perfusion,
and 1-s sampling intervals. Phospholipase activity was clearly
faster in L, domains. We readily distinguished the 10-s time
constant for depletion of PtdIns(4,5)P, during M; receptor-
stimulated PLC activity in L, from the 20-s time constant in Ly
domains. This conclusion was reinforced by measuring PtdIns4P
depletion and DAG production and when using the Ms receptor
instead of M;. We would agree with previous work that little
difference between L10- and S15-marked domains would be
evident if one used slower methods. For example T6th et al. (22)
used bioluminescence resonance energy transfer (BRET), man-
ual solution addition, and 15-s sampling intervals and did not
detect differences, whereas we find now that discriminating do-
mains with the L10 and S15 probes needs faster methods. One
probable reason would be that many membrane molecules might
exchange between lipid domains in tens of seconds so that
metabolic changes will appear nearly simultaneous and uniform
in L, and Ly domains when sampling on a sufficiently slow time
scale or, as we found, when stimulating with agonist or treating
with cyclodextrins for longer times.

In intact cells we found that PtdIns(4,5)P, and PtdIns4P were
present in both domains of the plasma membrane. Several authors
have favored the view that PtdIns(4,5)P, is more concentrated in L,
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domains (27, 50-52) or in Ly domains (53, 54). Some of these
papers show different phenotypes during domain-specific reduction
of Ptdins(4,5)P,. For example, reduction of PtdIns(4,5)P, in Ly
domains increases PM ruffling, whereas reduction in L, domains
yields a smooth PM devoid of membrane ruffles and filopodia (27).
Some papers indicate that Triton X-100 segregates PtdIns(4,5)P; in
the PM to generate artifactual L, domains (11). Using FRET as a
criterion, we did not find segregation of either PtdIns4P or
PtdIns(4,5)P, into L, or Ly domains in tsA-201 cells. Further,
MBCD did not change homologous FRET between CFP-PHpj s,
and YFP-PHp; 5, or heterologous FRET between CFP-PHp 51
and L10-YFP or S15-YFP. These results are consistent with prior
BRET experiments from Varnai and coworkers (22).

We showed that extraction of cholesterol shrank L, domains
and expanded L4 domains not only in GPMVs as observed be-
fore (36) but also in intact cells. Shrinking the area fraction of
the L, phase manifested as increased homologous FRET be-
tween L10 probes, presumably by concentrating those protein
labels into a reduced area. Shrinking the L, domains also in-
creased receptor-activated PLC activity, again presumably by
concentrating some rate-limiting component(s) of the PLC
pathway, which may be receptors, G proteins, PLC, or several of
these. Similarly, the restoration of PtdIns(4,5)P, and PtdIns4P
after depletion was faster in L, domains than in Ly domains, and
shrinking the L, domains by extracting cholesterol augmented
this difference. The faster PtdIns(4,5)P, restoration was not due
to higher PIP5K activity in L, domains. In summary, our ob-
servations showed that receptor-mediated phosphoinositide hy-
drolysis and the subsequent restoration of PtdIns(4,5)P,
occurred preferentially in L, domains which also segregated
much of the membrane cholesterol.

We should note three caveats here. First when we speak of
segregation of lipid or protein components, we should always be
thinking of a fractional partitioning between domains rather than
some absolute exclusion. Second, longer treatments with cyclo-
dextrins can be damaging to cells and may disrupt L,-related
structures like caveolae and signaling complexes (22, 51). We
focused on the initial actions of cyclodextrins when the L, do-
main is believed to be gradually shrinking rather than falling
apart. And third, the probes we relied on here contained fluo-
rescent proteins that Zacharias et al. (55) have shown can induce
homodimerization, unlike the monomeric modified version they
developed. This could lead to artifacts from excess FRET.
However, fortunately here we are primarily comparing FRET
between L10 or S15 as FRET acceptors with various other
probes as a donor. Since there were profound differences be-
tween L10 and S15 signals that used the same versions of YFP,
the differences we are reporting are not due to a dimerization
artifact. Further, one might suspect that the resting FRET we
report from the PHp; 5y and P4M probes could be due to di-
merization artifacts. However, since activating PLC reduces this
FRET signal further (Fig. 4 B and D), a significant portion of the
resting FRET reflects actual phosphoinositide rather than
artifactual dimerization.

We offer alternative interpretations of our results as questions
for future study with an extreme hypothesis drawn in Fig. 7. Our
results show that some steps in agonist-induced PtdIns(4,5)P,
breakdown are more concentrated in cholesterol-enriched L, do-
mains than in L, as defined by the L10 and S15 probes. What is rate
limiting here? Perhaps there are more muscarinic receptors, or
better coupling through G proteins, or more PLC activity in L,

Similarly the restoration of PtdIns(4,5)P, is faster in L, do-
mains than in Ly domains and interestingly the restoration of PM
PtdIns(4,5)P; is faster than that of its precursor PM PtdIns4P, as
has been reported for whole-cell phosphoinositides for a long
time (56). One likely factor in the latter observation is that the
enzyme PIP5K is so fast that any PM PtdIns4P may be imme-
diately converted to PtdIns(4,5)P, until the PtdIns(4,5)P, pool is
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Fig. 6. Dissection of phosphoinositide restoration after depletion. (A) Averaged time course of heterologous nFRET ¢ between PHp 51 and L10 or S15 measuring
PtdIns(4,5)P, recovery in L, and Ly domains after brief VSP stimulation. A 2-s voltage pulse to 100 mV stimulated VSP to dephosphorylate PtdIns(4,5)P, to PtdIns4P.
The traces in the dashed box expand the first 20 s of recovery after the end of VSP stimulation (L10: n = 11 cells and S15: n = 9 cells). The absolute resting FRET ¢
used for normalizations was L10: 23.1 + 4.4% and S15: 21.6 + 3.8%. (B and C) Paired-pulse stimulation of VSP before and after 3-min treatment with MBCD to
measure the sensitivity to change in domain sizes for L, (B) and Lg (C) (L10: n = 7 cells and S15: n = 6 cells). (D) Summary of PtdIns(4,5)P, recovery time constants
after VSP stimulation. (E) Time course of PtdIns4P recovery after 20-s stimulation of the MR receptor (L10: n = 9 cells and S15: n = 9 cells). The absolute resting
FRET¢ used for normalizations was L10: 10.9 + 2.5% and S15: 12.4 + 1.5%. (F and G) The same when MBCD was applied immediately after (F) (L10: n = 12 cells
and S15: n = 13 cells) or 3 min before (G) (L10: n = 10 cells and S15: n = 9 cells) the Oxo-M. The absolute resting FRET.¢s used for normalizations was for
F, L10: 9.6 + 1.4% and S15: 9.4 + 1.4%, and, for G, L10: 11.0 + 1.4% and S15: 12.8 + 1.8%. (H) PtdIns4P recovery time constants in L, and Ly domains after

receptor activation. *P < 0.05, **P < 0.005, ***P < 0.001, n.s., not significant.

fully replenished. But what makes the PtdIns(4,5)P, restora-
tion faster in L, domains? Possible rate-limiting steps to
consider in L, domains are delivery of the precursor PtdIns to
the PM where it is at very low concentration (57, 58), activity
of PI4K, and delivery of already formed PtdIns4P or
PtdIns(4,5)P, from other organelles. PI4KIIl« is targeted to
the PM by the accessory proteins, EFR3B, TTC7, and
FAM126 (59-61). Interestingly, the N terminus of EFR3B has
three cysteines (C5, C7, and C8) whose palmitoylation is es-
sential for PM targeting. Thus, this signature in ERH3B is

likely to localize functional PI4KIIIa complexes in L, domains
much as multiple palmitoylation localizes L10. It would be
simple to assume that PI4K is the key limiting enzyme in L,
but delivery of each of the phosphoinositides by vesicular
traffic or by PtdIns transfer proteins at membrane contact sites
merits serious evaluation as well (62-64). L, domains may be
favored sites for membrane contact formation and for membrane
fusion events. During stimulation, one or several of these factors
may become locally accelerated by the presence in L,, of activated
receptors and active PLC (64, 65).

L, plasma membrane
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Fig. 7. An extreme hypothesis with almost all of phosphoinositide metabolism occurring in Lo/raft domains of the PM. The L, domain includes receptors, fast
PtdIns(4,5)P, breakdown, and fast restoration of Ptdins(4,5)P, by local synthesis and/or by transfer or membrane fusion delivering precursors from intra-
cellularmembranesy Thelgdomainthasiocal PIPSKactivity and exchanges DAG, PtdIns4P, and PtdIns(4,5)P, surprisingly slowly with the L, domain across the
domain interface. P, Ptdins; PIP, PtdIins4P; and PIP,, Ptdins(4,5)P,.
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Two nonexclusive interpretations are possible for the slower
breakdown and restoration in Ly domains (Fig. 7). The Ly do-
mains may contain all of the mechanisms above as well but with
only e.g., 50% of the activity. Alternatively and in the extreme,
neither cleavage nor resynthesis of Ptdins(4,5)P, occurs in Ly,
and instead the changes of Ptdins(4,5)P, that we measured in Ly
with our probes reflect lateral diffusional exchange of lipid be-
tween the domains with actual cleavage and synthesis occurring
only in L, as drawn in Fig. 7. To explain how the depletion and
restoration events in Ly lag well behind those in Ly as we ob-
served, such lipid exchange would need to occur with time con-
stants on the order of 10 to 40 s or longer. We consider lipid
exchange inevitable for liquid lipid domains as small as is usually
postulated in the PM of living cells, but in this case, exchange
would have to be unexpectedly slow. For example, to be very
conservative, even if this exchange were simply two-dimensional
free diffusion with a diffusion constant as low as 0.1 pm%/s (37), it
would take less than 1 s for half the molecules to escape from a
0.5 pm disk (the size of the wavelength of light), which is an
order of magnitude too fast to account for the observed lag. The
implication is that the boundary between L, and Ly domains has
to offer a significant energy barrier that slows lateral movement
of phosphoinositide lipids. Is there a protein fence, or are there
retaining forces at the lipid phase boundary? [Please recall that
this conclusion is based on the lag in Ly phosphoinositide ki-
netics in intact cells at room temperature (Figs. 4-6) and not on
the lateral diffusion measurements within L, of cooled GPMVs
(81 Appendix, Fig. S1).]

To close, we emphasize the segregation of function, the cho-
lesterol dependence, and the rapid dynamics of lipid domains in
living cell plasma membranes. With less than 10 min of cyclo-
dextrin treatment, the relative proportion of specific domains
was strongly reset. Acute and chronic hypercholesterolemia
might quickly alter key plasma membrane signaling pathways
simply due to resetting the relative area fractions of L, and Ly
domains. Finally, we promote the use of L10 and S15 as genet-
ically expressible FRET acceptors to probe the lipid and protein
dynamics of lipid nanodomains.

Materials and Methods

Cell Culture and Gene Transfection. All experiments except in S/ Appendix, Fig.
S3 used the tsA-201 cell line (Sigma) maintained with 5% CO, at 37 °C in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum (Sigma) and 2% penicillin/streptomycin. Cells (pas-
sages 15 to 40) were transfected at ~75% confluency and subsequently
plated on poly-L-lysine-coated cover-glass chips (#0; Thomas Scientific).
X-tremeGENE 9 (Sigma) and cDNA plasmids were used for transfection.

Plasmids for CFP-PHp.cs and YFP-PHp s were gifts from Kees Jalink
(Netherlands Cancer Institute, Amsterdam, Netherlands) (11); PAM-CFP (sin-
gle P4M version, not tandem), L10-CFP, L10-YFP, S15-CFP, and S15-YFP from
B. C. Suh (49); Venus-K-ras and Venus-H-ras from Peter Varnai (Semmelweis
University, Budapest, Hungary) (66); and MsR and C1A-C1A-CFP from
Myeong et al. (67, 68). Of the fluorescent protein labels, all were standard
versions except for Venus-K-Ras and Venus-H-Ras, which carried the mono-
meric mutations of Zacharias et al. (55). MR ¢cDNA was purchased from the
cDNA Resource Center. FAST Dil (1,1-Dilinoleyl-3,3,3’,3'-tetramethylindo-
carbocyanine, 4-chlorobenzenesulfonate) was from Life Technologies.
N-ethylmaleimide (NEM), DTT, PFA, MBCD, and WSC were from Sigma. aCD
and BCD were from Santa Cruz Biotechnology. Phosphate-buffered saline
(PBS) was from Thermo Fisher Scientific.

Molecular Cloning. For the generation of various L10 and S15 constructs, we
used the one-step sequence- and ligation-independent cloning (SLIC) (69).
First, pEYFP-N1 and pECFP-N1 vectors (Clontech) were linearized by Kpnl
restriction enzyme digestion. The cDNAs encoding FRB were amplified by
PCR using primers with L10 or S15 sequences including an 18-bp sequence
homologous to each end of the linearized vector. Primers used for L10 and
S15 constructs are listed in SI Appendix, Table S1. Second, the linearized
vector and PCR fragments were blended and incubated at room tempera-
ture for 2.5 min with T4 DNA polymerase (NEB). Third, the DNA mixture was
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kept on ice for 10 min and then competent Escherichia coli cells were
transformed directly. For the deletion of FRB of L10 and S15 constructs: First,
L10-FRB-fluorescent protein (YFP and CFP) constructs were amplified by in-
verse PCR using nPfu-special DNA polymerase (Enzynomics). Second, the PCR
product was 5-phosphorylated by T4 polynucleotide kinase (Enzynomics),
and plasmid DNA was digested by Dpnl (Agilent Technologies). Finally, the
PCR product was ligated by T4 DNA ligase (NEB). The primers used for de-
letion are listed in S/ Appendix, Table S2. All the constructs were verified by
DNA sequencing (Macrogen).

Fluorescence and Three-Cube FRET Measurements. Three-cube FRET was
measured between transfected CFP- and YFP-tagged fluorescent proteins
(29). For a detailed description of the recording and analysis of FRET signals,
see S/ Appendix, Supplementary FRET Methods.

Except where indicated, all experiments were done at room temperature
(21 to 23 °Q).

GPMV Preparation. Twenty-four hours after transfection, the medium was
removed from cells, and cells were washed three times with PBS. FAST Dil (5
pg/mL) was then added to the dishes and incubated at 4 °C for 10 min. Cells
were washed five times by GPMV buffer (10 mM Hepes, 15 mM NaCl, 2 mM
CaCly, pH 7.4). GPMV buffer plus 25 mM PFA and 2 mM DTT was added to
the dishes, and cells were incubated at 37 °C for 1 to 2 h until vesicles be-
came visible outside the cells. The GPMV-containing supernatant was then
decanted into 1.5-mL Eppendorf tubes, and cyclodextrin or WSC was added
to the solution for 30 min. A total of 50 uL of GPMV solution was pipetted
from the bottom of the Eppendorf tube and sandwiched between two
coverslips coated with 0.1% bovine serum albumin (BSA).

Confocal Microscopy. Cells and GPMVs were imaged with a Zeiss LSM
710 laser-scanning confocal microscope using a 63x oil objective. Fluo-
rophores were excited by argon (for CFP and YFP) and helium-neon (for
FAST Dil) lasers. The confocal images were analyzed with ImagelJ/Fiji (NIH).
For GPMV experiments, the GPMV solution was cooled using a 12 V, 60 W
Peltier plate and a DC power supply (Digital Electronics). Temperature was
measured with a thermistor but was not regulated by feedback, so we de-
scribe the GPMVs simply as “cooled” when the temperature was near 5 +
2°C.

Membrane Diffusion Coefficient Analysis. The mobility of L10-YFP in L, do-
mains was assessed by fluorescence recovery after photobleaching on the
confocal microscope. The spatial spread of YFP fluorescence was approxi-
mated by a mathematical model of one-dimensional diffusion in an 8-pm
closed diffusion regime with reflecting ends. Space was represented as a
series of 0.05-um-thick compartments, and mass was transferred between
them by Fick’s law in time steps of 1 ms by Euler integration. Validity was
checked by two tests: 1) verifying that the spread of mass obeyed the one-
dimensional Einstein relation (root-mean-square displacement of 2 Dt,
where D is the diffusion coefficient and t is time); and 2) verifying that total
mass was conserved except during photobleaching. Bleaching for 2 s was
simulated as a gradual exponential decay of mass with a rate constant of 2/s
operating on the spatial compartments between 2.5 and 5.5 pm (while dif-
fusion continued to occur).

Analysis and Statistics. The results are presented as mean + SEM. Statistical
significance was determined using the two-tailed Student'’s t test, except in
Figs. 2C, 4E, and 6D, which used one-way ANOVA, *P < 0.05, **P < 0.005,
and ***P < 0.001.

Data Availability. All study data are included in the article and/or supporting
information.
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