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Antigen (Ag) crosslinking of immunoglobulin E-receptor (IgE-FceRI)
complexes in mast cells stimulates transmembrane (TM) signaling, re-
quiring phosphorylation of the clustered FcsRI by lipid-anchored Lyn
tyrosine kinase. Previous studies showed that this stimulated coupling
between Lyn and FcgRI occurs in liquid ordered (Lo)-like nanodomains
of the plasma membrane and that Lyn binds directly to cytosolic seg-
ments of FceRI that it initially phosphorylates for amplified activity. Net
phosphorylation above a nonfunctional threshold is achieved in the
stimulated state but not in the resting state, and current evidence
supports the hypothesis that this relies on Ag crosslinking to disrupt
a balance between Lyn and tyrosine phosphatase activities. However,
the structural interactions that underlie the stimulation process remain
poorly defined. This study evaluates the relative contributions and
functional importance of different types of interactions leading to
suprathreshold phosphorylation of Ag-crosslinked IgE-FceRl in live rat
basophilic leukemia mast cells. Our high-precision diffusion measure-
ments by imaging fluorescence correlation spectroscopy on multiple
structural variants of Lyn and other lipid-anchored probes confirm
subtle, stimulated stabilization of the Lo-like nanodomains in the
membrane inner leaflet and concomitant sharpening of segregation
from liquid disordered (Ld)-like regions. With other structural variants,
we determine that lipid-based interactions are essential for access by
Lyn, leading to phosphorylation of and protein-based binding to clus-
tered FceRI. By contrast, TM tyrosine phosphatase, PTPa, is excluded
from these regions due to its Ld-preference and steric exclusion of TM
segments. Overall, we establish a synergy of lipid-based, protein-
based, and steric interactions underlying functional TM signaling in
mast cells.
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Transmembrane (TM) signaling stimulated by antigen (Ag)
occurs through cell surface immunoreceptors that lack a cy-
tosolic kinase module, thus requiring tyrosine phosphorylation
mediated by intermolecular coupling with a separate, plasma
membrane-localized kinase (1). Effective coupling corresponds
to a suprathreshold level of receptor phosphorylation that surmounts
dephosphorylation by proximal tyrosine phosphatases. Orchestrated
modulation of interactions among the signaling proteins (i.e., receptor,
kinase, and phosphatase) (2, 3) and with other proteins [e.g., actin
cytoskeleton (4)] are key to Ag-stimulated TM signaling. Although
signaling studies have tended to focus on protein—protein interactions,
contributions by collective lipid-based interactions are increasingly
appreciated. In particular, phase-like organization of the plasma
membrane provides capacity for colocalizing receptor and kinase while
segregating phosphatase, according to their phase preferences (5).
However, the relative importance remains a subject of debate (6-11),
largely because it is experimentally difficult to separate the signaling
contributions of lipid-based interactions from those of protein-based
interactions in live cells.

Our group has worked to develop biophysical approaches that
systematically delineate signaling interactions in the context of a
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prototypical immunoreceptor signaling system: the high-affinity
receptor for immunoglobulin E (IgE), FceRI, in rat basophilic
leukemia (RBL) mast cells (12, 13). Crosslinking of IgE-FceRI by
soluble, multivalent Ag creates FceRI nanoclusters (14, 15) that are
phosphorylated by Lyn, a src-family tyrosine kinase anchored to the
inner leaflet of the plasma membrane by saturated acyl chains
(Fig. 14). Phosphorylated tyrosines on cytosolic - and y-subunits of
FceRI provide direct binding sites for Lyn’s SH2 module to amplify
the phosphorylation activity and create a binding site for Syk kinase
and consequent assembly of a protein-based signaling platform that
incorporates LAT scaffold and links to activation of phospholipase
C-y and attachment to the actin cytoskeleton (16). In mast cells,
stimulated coupling of clustered FceRI with Lyn initiates the cas-
cade of cellular signaling and responses that underlie allergy and
inflammation (12).

The role of lipids in stimulated Lyn/FceRI coupling has been
scrutinized in experimental (15, 17-19) and theoretical (20) studies
over two decades, yielding the view that Ag crosslinking stabilizes
liquid ordered (Lo)-like nanodomains around the clustered IgE-
FceRI. Referred to commonly (and roughly) as “rafts,” these pro-
teolipid organizational features of plasma membranes have variable
properties that depend on cellular circumstance but generally re-
semble Lo domains that coexist with liquid disordered (Ld) regions
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AF488-IgE-FceRl is clustered, partially immobilized, and exhibits elevated detergent resistance after crosslinking by soluble Ag (DNP-BSA) in RBL cells.

(A) Plasma membrane localization in resting cells (—Ag) of AF488-IgE-FceRI and other probes evaluated in this study. (B) Representative TIRF images of
AF488-IgE-FceRI on the ventral plasma membrane in live cells before (—Ag) and after (+Ag) stimulation by Ag. (C) Normalized FRAP curves of AF488-IgE-FceRI
obtained from individual cells are overlaid in —Ag (pink) and +Ag (gray) conditions. The solid red and black curves are average of the pink and gray curves,
respectively. SI Appendix, Fig. S1A shows representative fitted FRAP data and box plots of recovery time and mobile fraction of all cells evaluated. (D)
Representative fixed-cell TIRF images of AF488-IgE-FceRI without (~TX100) and with (+0.04% TX100) treatment of both —Ag and +Ag conditions. Fluorescence
retained after +TX100 treatment is normalized against corresponding —TX100 sample. The R values, corresponding to level of detergent resistance,
are calculated from the ratio of median fluorescence of multiple cells in +TX100 to —TX100 samples (S/ Appendix, Eq. $2). The error of R values was de-
termined by bootstrapping as described in S/ Appendix. (E) Representative fixed cell TIRF images under —/+Ag and —/+TX100 conditions and R values for
YFP-GL-GT46. For each condition, 60 to 90 cells were imaged from at least two independent sample preparations for both AF488-IgE-FceRl and YFP-GL-GT46.
Box plots of fluorescence values for individual cells under —/+Ag and —/+TX100 conditions for both probes in representative experiments are provided in

SI Appendix, Fig. S2.

at equilibrium in model membranes of defined composition (21).
Experiments in cells show that Lyn kinase preferentially partitions
into Lo-like nanodomains in the inner leaflet of the plasma mem-
brane as mediated by its saturated lipid (palmitoyl/myristoyl, PM)
anchor (15, 22, 23). By contrast, a TM tyrosine phosphatase, PTPa,
and an inner-leaflet Ld-preferring lipid probe (geranylgeranyl, GG)
preferentially localize to Ld-like regions, away from the Ag-
clustered FceRI (15, 23, 24). In early studies, the functional rele-
vance of this lipid-driven spatial partitioning of the signaling com-
ponents was shown by appearance of phosphorylated IgE-FceRI in
the Lo-like, detergent-resistant membrane (DRM) fraction only
after Ag stimulation (24-26). Further functional evidence came
from showing abrogated FceRI phosphorylation after pharmaco-
logical depletion of cholesterol, a key component of Lo-like nano-
domain formation (26). However, both DRM isolation and
cholesterol depletion have known limitations (27), and they do not
directly show whether lipid-based partitioning of Lyn is necessary or
sufficient for functional coupling with clustered FceRI.

In addition to the lipid-based partitioning into regions of
clustered FceRI, Lyn interacts directly with FceRI-p subunit by
its cytosolic protein modules (SH3, SH2, and kinase modules).
We showed previously that full-length Lyn is recruited to pm-scale
Ag-patterned features more readily than its minimal PM lipid
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anchor (17), indicating that protein binding stabilizes this inter-
action. Soluble Ag creates IgE-FceRI nanoclusters, and their
colocalization with Lyn (somewhat less with a PM lipid probe and
not with a GG lipid probe) is observed using superresolution
fluorescence microscopy and cross-correlation analysis (15). The
relative low level of cross-correlation observed for Lyn and IgE-
FceRI clusters points to both lipid- and protein-based interactions
being weak and dynamic. In general, the difference in phase-like
organization of the plasma membrane between resting and stim-
ulated states appears to be subtle and difficult to detect by con-
ventional fluorescence microscopy and spectroscopy (15, 28, 29).
Single-particle tracking (SPT) can be successful in picking up small
changes. For example, Kusumi and colleagues developed high-
speed SPT analysis built around a microscope dedicated to de-
lineating transient interactions at single-molecule level (30, 31). Both
superresolution and SPT approaches are technically demanding and
typically require special fluorescent tags. As a complementary ap-
proach, we recently demonstrated that imaging fluorescence corre-
lation spectroscopy (ImFCS) quantifies subtle differences in the
diffusion properties of structurally distinct probes and subtle changes
in the diffusion of a particular probe under different cell treatments
(32). ImFCS images conventional fluorophores with a diffraction-
limited total internal reflection fluorescence (TIRF) microscope (32,
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33). These measurements yield probe diffusion coefficients (D) in
hundreds of pixel units simultaneously, and these measurements can
be further extended over multiple cells to thousands of data points.
Such large data statistics permit precise evaluation of D, thereby
enabling detection of small changes in diffusion of a given probe that
arises from the change in membrane organization. For example, by
comparing Lo- and Ld-preferring probes, we previously detected
changes in plasma membrane phase-like organization after inhibition
of actin polymerization (32).

Faced with the challenge of delineating contributions of pro-
tein- and lipid-based interaction and subtle changes that occur in
the plasma membrane after Ag-crosslinking of IgE-FceRI, we have
now improved the robustness of ImFCS data analysis, such that
small changes are unambiguously determined. We evaluate ImnFCS
results, together with those from fluorescence recovery after pho-
tobleaching (FRAP) and a modified, image-based DRM assay (34),
to compare biophysical properties of multiple probes (e.g., Fig. 14),
which, as a composite, represent membrane organization under
resting (—Ag) and stimulated (+Ag) steady states of RBL cells. By
evaluating diffusion properties of passive, inner-leaflet lipid probes
with variable Lo-preference, we first characterize a relatively stable
Lo-like environment around Ag-crosslinked FceRI nanoclusters in
the stimulated steady state. We construct Lyn variants to modify
Lyn’s lipid-based partitioning interactions, cytosolic protein—based
interactions, and kinase activity. Comparative evaluation of vari-
ants reveals individual contribution of different interaction modes
toward Lyn’s coupling with Ag-clustered FceRI. We show that the
lipid-based partitioning of Lyn in the Lo-like nanodomains prox-
imal to the Ag-clustered FceRI increases the probability of the
cytosolic protein—based interaction, thereby synergizing an efficient
kinase/receptor coupling. We confirm that Lyn’s Lo-preference is
essential for stimulated phosphorylation of IgE-FceRI in a recon-
stituted system. In contrast, our results provide evidence that TM
tyrosine phosphatase, PTPa, is excluded from the region of Ag-
clustered FceRI because of the inherent Ld preference of PTPa
and by steric hindrance of its TM segments. Overall, this study
provides key experimental evidence to explain how cells utilize
subtle changes in the phase-like lipid organization to enable
protein—protein interactions necessary for initiating stimulated TM
signaling.

Results

Ag-crosslinking of IgE-FceRI in RBL mast cells stimulates new
interactions within the plasma membrane to facilitate suprathreshold
FceRI phosphorylation by Lyn tyrosine kinase as the first step of TM
signaling. To delineate comprehensively the functional redistributions
of lipids and proteins, we build on previous studies and use com-
plementary approaches to monitor Ag-stimulated changes in diffu-
sion and other properties over a range of selected probes (Fig. 14
and following figures). We find that shifts in distribution curves of
diffusion coefficients derived from ImFCS provide an exceptionally
sensitive representation of membrane changes that occur to initiate
signaling,

ImFCS Readily Detects Subtle Changes in Membrane Heterogeneity
Caused by Ag Clustering of IgE-FczRI. Crosslinking of AlexaFluor488-
labeled IgE-FceRI (AF488-IgE-FceRI; Fig. 14) by Ag (DNP-BSA)
in RBL plasma membranes forms distributed nanoclusters within
15 min that are visible by diffraction-limited TIRF microscopy
(Fig. 1B). Our previous superresolution imaging showed that these
individual nanoclusters have an average radius of ~80 nm (14). As
previously measured by FRAP (35, 36) and confirmed here, 70% of
the crosslinked AF488-IgE-FceRI are immobile, and the 30%
mobile fraction diffuse slower (i.e., longer fluorescence recovery
time) than monomeric AF488-IgE-FceRI present in resting cells
(85% mobile; Fig. 1C and SI Appendix, Fig. S1A4). By comparison,
the yellow fluorescent protein (YFP)-tagged, Ld-preferring TM
probe, YFP-GL-GT46 (comprising the TM segment of the low-
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density lipoprotein receptor and the cytoplasmic tail of CD46)
(37-39), has a mobile fraction of 84% with an insignificant shift in
that value or the fluorescence recovery time after Ag crosslinking of
IgE-FceRI (SI Appendix, Fig. S1B).

Changes in resistance to detergent solubilization provided
early evidence that crosslinked IgE-FceRI nanoclusters associate
with and stabilize Lo-like nanodomains (5, 15, 22, 24), as similarly
documented for B and T cell receptors (34, 40-43). DRMs are Lo-
like in lipid composition (44, 45) and retain coassociating proteins
after solubilizing cells with 0.04% Triton X 100 (TX100) and
floating on sucrose gradients (25). We recently adapted this basic
methodology for evaluation of single cells by fluorescence mi-
croscopy (46), and we quantify the detergent resistance of a par-
ticular probe in the plasma membrane by a characteristic retention
(R) value. R is taken as the ratio of median fluorescence per cell
after treatment with 0.04% TX100 to that of untreated cells (S/
Appendix, Eq. S2). A larger R value reflects stronger interaction of
the probe with membrane constituents that are not released under
these conditions. We find that the R value of AF488-IgE-FceRI
increases from 0.3 to 0.6 after Ag crosslinking (Fig. 1D and S/
Appendix, S24). By comparison, the Ld-preferring TM probe
YFP-GL-GT46 shows a slightly smaller R value after crosslinking
IgE-FceRI (0.4 to 0.3; Fig. 1E and SI Appendix, S2B). These dis-
tinctive behaviors are consistent with crosslinked AF488-IgE-FceRI
stabilizing Lo-like regions.

We recently established that diffusion properties of mobile
membrane probes and their subtle changes after pharmacologi-
cal treatments can be quantified precisely by TIRF-based ImFCS
(32). This approach uses a fast camera and autocorrelates fluo-
rescence fluctuations to determine diffusion coefficients (D) of a
particular probe at several hundreds of diffraction-limited spatial
locations (Px unit = 320 nm X 320 nm) in single cells (Fig. 2 4
and B). The D value determined for an individual Px unit rep-
resents all nanoscopic environments that the probe moves
through within that Px unit during the data acquisition time
(280 s). Nanoscopic environments with more interactions (e.g.,
higher effective viscosity) yield a slower D value, and less-interactive
environments yield a faster D value (Fig. 2 B and C). By reflecting
the interactions that structurally distinct probes experience, dis-
tinctive diffusion properties provide information about membrane
organization. Pooling data from multiple cells yields ~10,000 D
values for a given probe, and the resulting high level of precision
enables subtle differences in diffusion properties among probes to
be discerned [(32); SI Appendix, Table S1]. As one measure of
precision, the arithmetic average of pooled D values, D,,, has an
SEM of less than 1% for every probe evaluated by ImFCS in this
study (SI Appendix, Table S1).

The probability distribution functions (PDFs) of D values
determined by ImFCS for mobile AF488-IgE-FceRI from resting
cells (red) and from cells stimulated with Ag (black) show a clear
shift to slower D values after Ag is added (Fig. 2D), consistent
with FRAP measurements (Fig. 1C and SI Appendix, S14). To
quantify possible subpopulations, we convert the pooled D values
into cumulative distribution functions (CDFs; Fig. 2E)—a math-
ematically equivalent but bin-independent alternative to PDFs—
which can be precisely resolved into one or two Gaussian com-
ponents, parameterized as Dy,g, Dyiow, and Fyow [ST Appendix, Eqs.
S3 and S4 (32)]. If a probe diffuses distinctively in subpopulations
of Px units, the D CDF for this probe cannot be fitted by single
Gaussian component (Dg,r = Dygow). Roughly interpreted, Dy,
and Dy, represent the average diffusion coefficient of a partic-
ular probe in, respectively, interaction-poor and -rich subpopula-
tions of Px units in the plasma membrane (Fig. 2C), and Fy,, is
the fraction of the interaction-rich population of Px units. To test
whether CDF curves are overly influenced by outliers and to
provide a curve thickness (related to level of uncertainty), we
routinely resample the D values by bootstrapping 30 times (with
50% of all data each time), and the corresponding bootstrapped
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Fig. 2. Large datasets of ImFCS precisely characterize spatially heterogeneous diffusion of plasma membrane probes in both unstimulated (-Ag) and
stimulated (+Ag) cells. (A and B) In a typical ImFCS recording, 80,000 TIRF microscopy images of fluorescently labeled ventral plasma membrane are collected
at 3.5 ms/frame. The autocorrelation function (ACF) from a given Px unit (320 nm x 320 nm) decays faster if probes diffuse faster within that Px unit. The ACFs,
corresponding to the Px units designated with asterisks of same color, illustrate probes diffusing slower (cyan) and faster (black). (C) Schematic diffusion
coefficient (D) map, obtained after ACF analyses of all Px units contains some Px units with relatively slower (Dgow, cyan) or faster (Ds.s, White) diffusion
coefficient, interpreted as interaction-rich and interaction-poor units, respectively. (D) Histograms of experimental D values (>10,000; S/ Appendix, Table S1)
and PDF for AF488-IgE-FceRI at —Ag (red) and +Ag (black) steady states. PDFs are fitted using parameters derived from bin-independent CDFs (S/ Appendix, Eq.
A2). (E) CDFs of the same D values as in part (D). Pooled D values are resampled 30 times by bootstrapping with 50% of all data each time, and individual
bootstrapped CDFs are fitted for Dgjow, Dfast. @and Fow (SI Appendix, Table S1). Individual raw bootstrapped CDFs of D values of AF488-IgE-FceRI at each
condition are overlaid and shown (red: —Ag and black: +Ag). (Inset) Box plots of all D values. Box height corresponds to 25th to 75th percentile; error bars
represent 9th to 91st percentile of entire dataset; mean and median values are represented as solid circle and bar, respectively; notches signify 95% Cl of the
median. Right shows the stimulated %change of D,,: Effect change distribution is calculated from the bootstrapped mean values at each condition.

CDFs are fitted individually (SI Appendix). For all probes tested in

accompany Ag stimulation (Figs. 2-6). Comparing these shifts in
this study, we found narrowly distributed values of fitting param-

CDF curves and their representative D,, values for a panel of probes

eters Dist, Dsiow, and Fyow, confirming the reliability and robust-
ness of our analysis (SI Appendix, Table S1). The D,, determined
from ImFCS measurements of D across all Px units and the profile
of the D CDFs reveal how structurally distinct probes sense
changes in local environments caused by Ag-mediated clustering
of IgE-FceRI to stimulate TM signaling. Visually striking are the
distinctive shifts in the bootstrapped CDF curves of D values that

with defined structural features allows us to evaluate contributions of
individual structural features to stimulated changes in diffusion
properties. In this manner, we can infer how Ag-stimulation changes
lipid- or protein-based interactions in the plasma membrane and
corresponding changes in membrane organization.

After Ag-crosslinking AF488-IgE-FceRI to form nanoclusters
(14, 47), ImFCS measurements show the mobile fraction (30% as
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function and cells measured for ImFCS analyses.
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measured by FRAP; Fig. 1C and SI Appendix, SlA) has ~35%
smaller D,, (0.117 + 0.0005 pm%s) than monomeric AF488-1-
gE-FceRI in resting cells (0.168 + 0.0004 pm?/s) (SI Appendix,
Table S1). Correspondingly, the PDFs and bootstrapped CDFs
clearly shift to lower D values after stimulation with Ag (Fig. 2 D
and E). The effect size distribution of D,, further quantifies the
amount and direction of diffusion change based on the boot-
strapped CDF curves (Fig. 2E, Right). Mobile IgE-FceRI in the
stimulated steady state are likely to include small oligomers, which
have been shown to be signaling competent (48). We find that Ag
crosslinking of IgE-FceRI imparts biophysical changes across and
on both sides of the membrane. Stimulated modulation in diffu-
sion of structurally distinct probes reflects these changes.

Evaluating Ag-stimulated changes in the lipid phase-like
properties of the plasma membrane requires consideration of
compositional differences in the outer- and inner-membrane
leaflets. As recently characterized in erythrocyte plasma mem-
branes, outer-leaflet lipids are more Lo-like, whereas inner-leaflet
lipids are more Ld-like (49). Similarly, the outer leaflet of resting
RBL cells was found to be more ordered when compared to the
inner leaflet. We might then expect that Ag-stimulated changes in
phase-like properties may manifest differently for the inner and
outer leaflets. Because stimulated coupling of Lyn kinase with Ag-
clustered FceRI occurs in the inner leaflet of the plasma mem-
brane, we first focused on stimulated changes in the Lo/Ld-like
properties in this leaflet. For this purpose, we evaluated properties
of inner-leaflet lipid probes that are phase selective but otherwise
passive in the signaling process. We employed three genetically
encoded probes that distinctively anchor enhanced green fluo-
rescent protein (EGFP) to the inner leaflet [Fig. 14 (23, 50)]: PM-
EGFP, with palmitoyl and myristoyl acyl chains [Lo-preferring
(23)], EGFP-GG, with a GG chain and a polybasic protein se-
quence [Ld preferring (23)] and S15-EGFP, with a myristoyl chain
and a polybasic protein sequence [Ld preferring (51)]. Our pre-
vious superresolution imaging demonstrated that the PM con-
struct coclusters with crosslinked IgE-FceRI, but the GG construct
does not (15), and consistent results were obtained with clustered
B cell receptors (41). Diffraction-limited TIRF imaging reveals no
visible changes in the distribution of any of these probes after Ag
addition (SI Appendix, Fig. S5), and we examined their membrane
interactions using DRM imaging, FRAP, and ImFCS.

For phase-selective lipid probes, a larger R value in the DRM
assay indicates stronger partitioning into Lo-like nanodomains.

RBL cell

In resting cells, we found R values to be consistent with their
phase preferences in membranes as reported previously (50-52):
PM-EGFP (R = 0.6) > EGFP-GG (0.3) = S15-EGFP (0.3)
(Fig. 34 and SI Appendix, Fig.S3, red/pink). Although these R
values are useful for monitoring Lo- versus Ld-phase preference
of these lipid probes, we found the method to be insufficiently
sensitive for detecting significant differences before and after
Ag-crosslinking of IgE-FceRI (Fig. 34 and SI Appendix, Fig. S3,
compare red/pink to black/gray). Similarly, FRAP measurements
do not resolve significant differences for any of these probes
before and after stimulation (S Appendix, Fig. S4). In contrast,
Ag-crosslinking of IgE-FceRI causes distinctive shifts in the
ImFCS CDF curves for each of these probes (Fig. 3 B-D): Lo-
preferring probe PM-EGFP shifts to slower D values, and Ld-
preferring probes EGFP-GG and S15-EGFP shift to faster D
values. In terms of D,, values (SI Appendix, Table S1), the shifts
are 8% slower for PM-EGFP (0.62 + 0.002 to 0.57 + 0.002 pmz/s)
8% faster for EGFP-GG (0.64 + 0.002 to 0.69 + 0.002 pm?/s), and
2% faster for S15-EGFP (0.90 + 0.003 to 0.92 + 0.003 pm?s).
These contrasting behaviors of Lo- and Ld-preferring lipid probes
are consistent with the Lo-like phase in the inner leaflet of the
plasma membrane becoming more ordered and stabilized against
surrounding Ld-like regions, which become more disordered after
Ag addition. These ImFCS measurements on inner-leaflet lipid
probes before and after stimulation are consistent with and extend
quantitative results from previous superresolution imaging (15).
Collectively, they characterize and quantify stabilization of a
Lo-like environment encompassing Ag-crosslinked IgE-FceRI
nanoclusters in the membrane inner leaflet.

Lo-Preference of Lipid Anchor Is Necessary for Lyn's Functional
Coupling with Crosslinked IgE-FceRIl. Nanoscopic colocalization of
Lyn with crosslinked IgE-FceRI nanoclusters was observed by
superresolution cross-correlation imaging as a threefold en-
hancement in Lyn density in these regions compared with other
parts of the membrane (15). This low level of stimulated mod-
ulation in Lyn interactions is not detectable in TIRF images,
DRM R values, or FRAP curves (SI Appendix, Fig. S6 A-C).
However, ImFCS sensitively detects the subtle change by re-
solving a shift of the CDF curves to lower D values (Fig. 44),
corresponding to 10% reduction of D,, of Lyn -EGFP after Ag
addition (from 0.49 + 0.001 to 0.44 + 0.001 pm?%/s; SI Appendix,
Table S1). Lyn-EGFP is highly detergent resistant [R = 0.8;
Fig. 54 (28)], as expected for the Lo-preference of its PM
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membrane anchor and consistent with the stimulated shift in this
probe’s diffusion properties being the consequence of more
stable Lo-like nanodomains after Ag crosslinking of IgE-FceRI.
However, the degree of shifts in the CDF curves are different for
Lyn-EGFP (Fig. 44) compared to PM-EGFP (Fig. 3B), as
quantified by the effect size distributions of D,, for these two
probes (Right panels in Figs. 3 B and 4 A). These differences
indicate that some of Lyn-EGFP interactions in stimulated cells
occur directly with the crosslinked FceRI, in addition to those
with the surrounding stabilized Lo-like regions into which the
PM lipid anchor partitions favorably.

To deconvolve lipid- and protein-based interactions, we
compared diffusion modes of Lyn-EGFP in both resting and
stimulated states to a Lyn chimera. S15-Lyn-EGFP was created
by replacing the first 15 amino acids of wild-type (WT) Lyn,

sured for ImFCS analyses.

which possesses Lo-targeting palmitoylation and myristoylation
sites, with the first 15 amino acids of Ld-preferring lipid probe
S15-EGFP containing a single myristoyl site and a polybasic re-
gion (51). Unlike Lyn-EGFP, S15-Lyn-EGFP exhibits little
detergent-resistance (R = 0.2; SI Appendix, Fig. S6B) and has a
faster D,, in resting cells (D,y, = 0.64 + 0.002 pmz/s; Fig. 4B and
SI Appendix, Table S1). S15-Lyn-EGFP serves as a Lyn probe
that anchors to the inner leaflet by an Ld-preferring lipid but
possesses Lyn’s functional protein modules. If protein—protein
interactions primarily drive stimulated reduction of Lyn-EGFP
diffusion, we expect to see similar net change of diffusion of
S15-Lyn-EGFP after Ag-crosslinking of IgE-FceRI. However, in
sharp contrast to Lyn-EGFP (Fig. 44), the D,, value of
S15-Lyn-EGFP (Fig. 4B) does not decrease after Ag addition but
rather increases to 0.67 + 0.002 um?/s (5% faster), similar to the
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behavior of Ld-preferring lipid probes, EGFP-GG and S15-
EGFP (Fig. 3 C and D and SI Appendix, Table S1). Although the
trend appears similar, the data statistics of FRAP are not suffi-
cient to resolve these differences between Lyn and S15-Lyn (SI
Appendix, Fig. S6 C and D).

The slower diffusion of Lyn-EGFP and faster diffusion of
S15-Lyn-EGFP after crosslinking IgE-FceRI revealed by ImFCS
represent a subtle but distinguishable change in the phase-like
organization that is sensed by Lo- and Ld-preferring probes.
These ImFCS results for Lyn-EGFP and S15-Lyn-EGFP are
consistent with the view that Lo-preference is necessary for Lyn’s
interaction with clustered IgE-FceRI. Changes in diffusion for
Lyn-EGFP compared to PM-EGFP points to a role for protein-
based interactions for optimal coupling leading to receptor
phosphorylation and downstream signaling.

Lyn-EGFP but not S15-Lyn-EGFP Facilitates Ag-Dependent Tyrosine
Phosphorylation. To test directly a functional outcome inferred
from our ImFCS results, we compared the capacities of Lyn-
EGFP and S15-Lyn-EGFP to facilitate stimulated phosphorylation
in cells. We used a reconstitution approach for this purpose: FceRI
stably expressed in Chinese hamster ovary cells (CHO-FceRI) that
are transiently cotransfected with Lyn and an Ld-preferring TM ty-
rosine phosphatase o (PTPx). With this experimental system, we
found previously that PTPa suppresses Lyn kinase activity and
minimizes its spontaneous phosphorylation of FceRI, while facili-
tating Ag-stimulated FceRI phosphorylation (24). This previous
study also showed that a PTPa chimera anchored to the inner leaflet
by Lo-preferring lipids (PM) fails to reconstitute Ag-dependent
FceRI phosphorylation. In the current study, we used immunos-
taining to monitor tyrosine phosphorylation in CHO-FceRI cells
transiently transfected with mCherry tagged WT PTPoa (PTPa-
mCherry) and either Lyn-EGFP or S15-Lyn-EGFP before and after
addition of Ag. As shown in Fig. 4 C-F, cotransfection with Lyn-
EGFP causes a nearly twofold enhancement of tyrosine phosphor-
ylation, compared to no Lyn construct, whereas cotransfection with
S15-Lyn-EGFP results in a somewhat reduced level of tyrosine
phosphorylation. Results from this functional assay are consistent
with ImFCS diffusion measurements and show that Lo-preference is
essential for Lyn’s colocalization with clustered IgE-FceRI but
leaving open the possibility that protein-based interactions are
also involved.

Intact Protein Modules of Lyn Are Necessary for Its Effective Coupling
with Crosslinked IgE-FceRI. The cytosolic segments of Lyn comprise
an SH2 module that docks on phosphotyrosine (pY) sites, an
SH3 module which interacts with polyproline (PxxP) motifs, and
a kinase module (53). To test the importance of direct interac-
tions with FceRI in stimulated cells, we evaluated the diffusion
properties of two point mutants (54): Lyn-mSH2-EGFP (Arg to
Ala at position 135) and Lyn-mSH3-EGFP (Trp to Ala at posi-
tion 78), with intact PM lipid anchor but disabled binding ca-
pabilities through SH2 and SH3 modules, respectively. In resting
cells, the detergent resistance of both mutants (R = ~0.6; SI
Appendix, Fig. S7A) is less than Lyn-EGFP (R = 0.8; Fig. 54),
similar to PM-EGFP (R = 0.6; Fig. 34) and greater than Ld-
preferring S15-Lyn-EGFP (R = 0.2; SI Appendix, Fig. S6B).
Changes in diffusion properties of Lyn variants after Ag cross-
linking of IgE-FceRI are not resolved by FRAP (SI Appendir,
Fig. S7 B-D) but revealed by ImFCS (Fig. 5 B and C). ImFCS
further reveals clear differences for Lyn-mSH2-EGFP and Lyn-
mSH3-EGFP compared to Lyn-EGFP in terms of stimulated
shifts in CDF curves. After Ag addition, the D,, values for Lyn-
EGFP decrease (Fig. 44), increase slightly for Lyn-mSH2-EGFP
(Fig. 5B), and decrease slightly for Lyn-mSH3-EGFP (Fig. 5C).
Also, Lyn-mSH2-EGFP responds differently from PM-EGFP
(Fig. 3B) to stimulated stabilization of Lo-like nanodomains,
even though it is similarly detergent resistant. One possible
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explanation for differences is cytosolic steric hindrance due to
scaffold proteins and cytoskeleton components that are recruited
to Ag-crosslinked IgE-FceRI (13, 55, 56). Lo-preferring lipid,
PM-EGFP, with no Lyn protein modules in the cytoplasm, is
likely to be less sensitive to these steric factors. Unlike Lyn-
EGFP, Lyn-mSH2-EGFP and Lyn-mSH3-EGFP cannot effi-
ciently overcome steric hindrance by docking at the pY219 site
on clustered FceRI. It appears that Ag-induced changes in Lyn
diffusion compared to these two Lyn mutants depend on inter-
actions with FceRI rather than entirely on their Lo-preference.
We measured the stimulated diffusion change of kinase-
inactive Lyn mutant, Lyn-K279R-EGFP (57), to test whether
phosphorylation of FceRI by Lyn stabilizes the coupling of these
two proteins. In resting cells, similar to Lyn-mSH2-EGFP and
Lyn-mSH3-EGFP, Lyn-K279R-EGFP shows weaker detergent
resistance (R = 0.6) compared to WT Lyn-EGFP (Fig. 54 and SI
Appendix, S74). This consistent difference suggests that kinase
activity and resulting protein-based interactions contribute to
Lyn’s greater tendency to localize in a Lo-like environment. Lyn-
K279R-EGFP, unlike Lyn-mSH2-EGFP and Lyn-mSH3-EGFP, is
expected to undergo proper SH2/pY219 intermolecular docking
after FceRI phosphorylation by the endogenous Lyn present in
these cells (57). However, the shift in the CDF curve to lower
diffusion coefficients is less for Lyn-K279R-EGFP (5% decrease
of Dyy: 0.62 + 0.002 to 0.59 + 0.002 pm?/s; Fig. 5D) compared to
Lyn-EGFP (10% decrease of D,,: 0.49 + 0.001 to 0.44 + 0.001
um?/s; Fig. 44), suggesting competitive advantage of endogenous
Lyn over Lyn-K279R in associating with phosphorylated FceRI.
Collectively, the shifts in CDF curves (Figs. 4 A and B and
5 B-D) of Lyn-EGFP compared to the Lyn variants we tested
support the following view: the Lo-preference of Lyn, as medi-
ated by saturated lipid anchors, is essential for its coupling with
Ag-crosslinked FceRI; Lyn’s kinase activity and FceRI-docking
capacities secondarily serve to stabilize the interaction.

TM PTPa Exclusion from Ag-Crosslinked FceRl Nanoclusters Is
Accompanied by Its Slowed Diffusion. Raising the phosphorylated
state of Ag-crosslinked FceRI above the stimulation threshold
requires that access by phosphatases be minimized. Previous
studies (5, 22, 24, 58) support the hypothesis that tyrosine
phosphorylation of FceRI by Lyn kinase prior to Ag engagement
is counterbalanced by TM phosphatase—mediated dephosphor-
ylation: Transient nanodomains present in the resting steady
state do not sufficiently coconfine Lo-preferring Lyn and mo-
nomeric FceRI nor prevent access by phosphatase to disrupt the
balance. Nanodomains that are stabilized around the Ag-
clustered FceRI preferentially include kinase, exclude phospha-
tase, and tip the balance to exceed the phosphorylation thresh-
old. We examined participation of the TM phosphatase within
this mechanism by measuring stimulated changes in diffusional
and other properties of EGFP-tagged PTPa variants.
Consistent with our previous observations that PTPa prefers
an Ld-like environment (24), we found that PTPa-EGFP exhibits
little detergent resistance in resting cells (R = 0.1; Fig. 64 and SI
Appendix, S84). ImFCS measurements of this probe in resting
cells yields D,, = 0.227 + 0.0006 pmz/s. This value is similar to
other single-pass TM probes reported previously (32, 59) and
slower than inner- or outer-leaflet lipid probes (32, 38) or inner-
leaflet lipid—anchored proteins such as Lyn kinase (0.49 + 0.001
um?/s; SI Appendix, Table S1). This is not surprising because the
diffusion of TM probes is influenced by their interactions within
both membrane leaflets and with extracellular and cytosolic
components. After Ag addition, PTPa-EGFP is expected to be
excluded from regions of crosslinked IgE-FceRI because of its
Ld preference. Interestingly, however, we found that D,, for
PTPa-EGFP decreases by 12% (to 0.199 + 0.0005 pm?/s) after
Ag addition (Fig. 6B and SI Appendix, Table S1). This direc-
tion in stimulated change of D,, is same as for inner-leaflet,
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Lo-preferring lipid probes (PM-EGFP and Lyn-EGFP) and op-
posite to that of inner-leaflet, Ld-preferring probes (EGFP-GG,
S15-EGFP, and S15-Lyn) (Fig. 74). These comparisons raise
intriguing questions and indicate minimally that the stimulated
diffusion change of TM PTPa-EGFP is not controlled by mod-
ulation of lipid organization in the membrane inner leaflet.

To consider whether diffusion of TM probes is influenced by
Ag-stimulated modulation of outer-leaflet phase-like properties,
we evaluated YFP-tagged glycosylphosphatidylinositol (YFP-GL-
GPI), a Lo-preferring lipid probe. Although neither DRM assays
(R = ~1) nor FRAP resolve differences between resting and Ag-
stimulated cells for YFP-GL-GPI (SI Appendix, Fig. S9 A and Bg,
ImFCS revealed a stimulated decrease in D, (0.328 + 0.0008 pm~/
s t0 0.276 + 0.0009 pm?/s, 16%; SI Appendix, Fig. S9C and Table
S1). This might be expected if Ag clustering of IgE-FceRI stabi-
lizes more ordered lipids around these clusters in the outer leaflet.
However, the relative decrease in D,, for YFP-GL-GPI is similar
to that of Ld-preferring PTPa-EGFP, which suggests another
possibility: If the outer leaflet is primarily Lo-like in resting cells
(49), stimulated reduction in diffusion observed for both probes
may point to globally increased ordering in this leaflet that occurs
with Ag crosslinking of IgE-FceRI and stimulated signaling.

Another, nonexclusive explanation for slowed diffusion of
PTPa-EGFP arises from considering other effects caused by Ag,
which crosslink and immobilize IgE-FceRI (Fig. 1 B and C).
Theoretical studies considering hydrodynamic and steric inter-
actions between membrane components indicate that the pres-
ence of immobile objects, even at very low surface coverage
(5%), decreases diffusion of other mobile objects (60-62). These
predictions led us to test whether the diffusion of TM probes
generally decrease after Ag stimulation creates new diffusion
obstacles, minimally those in the form of immobilized TM do-
mains within the FceRI nanoclusters. To consider this possibility,
we created a PTPa construct, PTPa-E-TM-EGFP, which in-
cludes the extracellular module and TM domain (TMD) of PTPa
and is C terminally fused to EGFP (as illustrated in Fig. 6C).
Because this probe does not contain the catalytic or other cy-
tosolic modules of PTPa, any Ag-stimulated change of its dif-
fusion is not due to functional interactions with FceRI. PTPa-
E-TM-EGFP in resting cells has low detergent resistance (R =
0.3, Fig. 64) and FRAP similar to PTPa-EGFP (SI Appendix,
Fig. S8 B and C). ImFCS determined D, (0.266 + 0.0008 um?/s)
for PTPa-E-TM-EGFP in resting cells is slightly greater than
that for PTPa-EGFP (SI Appendix, Table S1), possibly due to
eliminated cytosolic interactions. After Ag crosslinking of IgE-
FceRI, D,, for PTPa-E-TM-EGFP decreases by 11%, and the
shift in ImFCS CDF curves is strikingly similar to the shift for
PTPa-EGFP (Fig. 6 B and C). These results indicate that Ag-
stimulated reduction of PTPa« diffusion is not due to functional
interactions with other proteins. We observed a similar 13%
stimulated decrease in D,, for YFP-GL-GT46, another Ld-
preferring but passive TM probe (Fig. 6D). These experimental
results are consistent with the possibility that immobilization of
FceRI after Ag-clustering creates new diffusion obstacles that slow
diffusion of other TM proteins on the length scale measured by
ImFCS. They also provide evidence that exclusion of PTPa-EGFP
from Ag-clustered FceRI is due in part to steric hindrance.

Discussion

Nanoclustering of TM receptors by extracellular ligands followed
by local reorganization in the plasma membrane to facilitate
kinase coupling and receptor phosphorylation above a stimula-
tion threshold has become a general paradigm of signaling
through cell surface immunoreceptors. A large body of evidence
supports the view that Ag-mediated nanoclustering of sensitized
mast cell receptors, IgE-FceRI, coalesces proteolipid nano-
domains that have Lo-like character (5, 6, 63). However, the
functional significance of lipid phase-like behavior in TM
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signaling mediated by this and other immunoreceptors continues
to be debated (21, 64, 65), and some have taken the position that
stimulated protein—protein interactions are sufficient (3). Al-
though protein-based interactions may increasingly dominate as
signaling proceeds, the initial upshift in receptor phosphoryla-
tion appears to depend on disrupting the balance between kinase
and phosphatase access, and this is mediated by membrane lip-
ids. Simply stated, stabilization of Lo-like nanodomains around
Ag-crosslinked immunoreceptors serves to colocalize Lo-preferring
lipid-anchored kinase (e.g., Lyn), while Ld-preferring TM phos-
phatases (e.g., PTPa) are excluded. In this study, we used ImFCS
measurements that build on other imaging approaches to quantify
systematically the subtle shift in plasma membrane organization that
accompanies Ag-mediated stimulation. We confirm the primacy of
lipid-based interactions and unveil how these synergize with protein-
based interactions among IgE-FceRI, Lyn kinase, and PTPo phos-
phatase. We evaluate particular contributions of these different types
of interactions for functional assembly of TM signaling components.

We previously established ImFCS as a statistically robust ap-
proach for quantifying differences in the diffusion properties of
selected probes that collectively sense the organization of the
plasma membrane under specified conditions (32). The sampling
provided by our ImFCS measurements (~10,000 D values for
each probe) yields extremely precise CDF curves and values for
D,,. As we demonstrate herein, InFCS measurements of 14
independent, structurally distinct probes sensitively reveal subtle
changes in plasma membrane organization that result from Ag-
stimulation. These changes are simply represented by D,, values
and distinguished by the shifts in CDF curves of all D values
(Figs. 2-6 and summarized in Fig. 74). Ag-stimulated differences
are quantified by effect size distributions of D,, and by detailed
changes in the fit parameters of the CDF curves (SI Appendix,
Table S1). By systematically evaluating key structural features
among the selected probes and corresponding differences in
their diffusion properties measured before and after Ag stimu-
lation, we can minimally reconstruct participation of different
types of interactions experienced by the initial signaling com-
ponents as illustrated in Fig. 7B.

Ag Crosslinking Creates Nanoclusters of IgE-FccRI and Stabilizes
Surrounding Lo-Like Domains in the Membrane Inner Leaflet. Be-
cause the plasma membrane is asymmetric in lipid composition,
we focused primarily on the inner leaflet, where membrane-
anchored Lyn phosphorylates FceRI after its clustering by Ag.
In general, the phase-like behavior of the plasma membrane in
resting cells can be approximated by the tendency of Lo-preferring
probes to be more detergent resistant than Ld-preferring probes.
Consistent with previous results, we found in resting cells that Lo-
preferring PM-EGFP and Lyn-EGFP to be more detergent re-
sistant than Ld-preferring EGFP-GG and S15-EGFP (Fig. 34 and
SI Appendix, Fig. S6B). However, the Lo-like domains in this
resting state appear to be small and transient (21), with relative
weak distinction from Ld-like regions, as suggested by ImFCS
measurement of small differences in D,, values for PM-EGFP
and EGFP-GG [(32); SI Appendix, Table S1]. This relatively
weak phase-like heterogeneity in the cell’s resting state would
allow access to monomeric FceRI by both Lyn kinase and TM
phosphatase and thereby limit net phosphorylation (66). That
Ag crosslinking of IgE-FceRI leads to proximal coalescence
and stabilization of Lo-like domains in the inner leaflet was
clearly indicated previously by reconstitution studies (24) and by
superresolution imaging of coclustering with IgE-FceRI by PM
probes but not GG probes (15). However, this level of stabili-
zation is not detected within the limited sensitivity of DRM
imaging (Fig. 3) and FRAP measurements (SI Appendix, Fig.
S4). In contrast, statistically robust InFCS measurements show
subtle but distinctive shifts in D CDF curves and D,, values for
the Lo-preferring probes compared to Ld-preferring probes.
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Fig. 7. Ag-crosslinking of IgE-FceRI stabilizes surrounding Lo-like nanodomains, causing dynamic lipid- and protein-based interactions that shift diffusion
properties of signaling components and lead to suprathreshold phosphorylation by Lyn. (A) Stimulated changes in D,, for inner leaflet lipid probes, Lyn
variants, and TM probes, including IgE-FceRI and PTPa. Values and error bars represent effect change distributions shown in Figs. 2-6. (B) Proposed interaction
modes leading to functional coupling of Lyn with clustered FceRI: Stabilized Lo-like environment preferentially includes Lo-preferring Lyn and excludes Ld-
preferring S15-Lyn and PTPa (interaction mode 1). Preferentially proximal Lyn (interaction mode 1) phosphorylates clustered FceRl via its kinase module and
then binds to pTyr via its SH2 module as facilitated by its SH3 module (interaction mode 2); these cumulative interactions stabilize the coupling. Lyn variants
with impaired kinase, SH2, or SH3 modules are sterically hindered by cytoplasmic segments of clustered FceRI (interaction mode 3). PTPo, which is prefer-
entially excluded from Lo-like environments (interaction mode 1), is further limited in access to FceRI-pTyr due to steric hindrance by clustered FceRITMDs

(interaction mode 3).

The lipid-anchored probes are driven by their intrinsic partitioning
preferences: PM-EGFP and Lyn-EGFP shift to slower diffusion in
modulated Lo-like domains, whereas EGFP-GG and S15-EGFP
shift to faster diffusion in proximal Ld-like regions (Figs. 3, 4, and
7A). Stabilization of a Lo-like environment that encompasses the
clustered FceRI on the membrane inner leaflet may represent a
thermodynamic adjustment, such as overcoming a hydrophobic
mismatch of the collected TMDs and surrounding lipids (67) or
possibly biasing critical fluctuations (68). We and others used
a two-dimensional (2D)-Ising model to show that, when exoge-
nously clustered, membrane components with Lo-preference weakly
coalesce with other Lo-preferring components (15, 20, 41, 43). This
lipid rearrangement establishes a more distinctive, phase-like
membrane organization in the Ag-stimulated steady state (15, 18,
19). Such remodeling of membrane organization on the inner leaflet
would facilitate lipid-driven sorting of Lo- (e.g., Lyn) from
Ld-preferring components as previously proposed (66).
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The smaller decrease in diffusion for PM-EGFP compared to
Lyn-EGFP is similar to the trend observed with superresolution
imaging: the Lyn probe coclusters with Ag-crosslinked IgE-
FceRI somewhat more than PM (15). The differences indicate
interactions of Lyn’s cytosolic protein modules, in addition to its
membrane anchor. To derive additional insight from shifts in the
ImFCS CDF curves after Ag-stimulation, we can consider their
precise fit parameters, which are based on a Gaussian model.
This simple model is limited in providing physical information
because quantified changes in diffusion (measured on the Px unit
length scale) may involve multiple lipid-based factors (e.g., changes
in lipid ordering, probe partitioning, and domain coverage), in ad-
dition to any protein-based interactions. All contributing factors are
averaged together and represented as changes in populations of
interaction-rich (D) Or -poor (Dg) Px units [Fig. 2C (32)].
However, a reasonable interpretation can be made for inner-leaflet
probes, which are localized primarily by the phase preference of
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their lipid anchors. For example, a quantitative comparison of CDF
curve shifts for Lyn-EGFP and PM-EGFP indicates that Lyn’s cy-
tosolic protein modules (SH2, SH3, and kinase) participate in its
slowed diffusion. We find that both fit parameters Dy, and Dy
decrease for Lyn-EGFP, while only Dy, decreases for PM-EGFP
after Ag stimulation (SI Appendix, Table S1). This comparison
suggests that IgE-FceRI clusters in the interaction-poor Px units do
not adequately stabilize the Lo-like nanodomains to have an impact
on the diffusion of PM-EGFP, which undergoes only lipid-based
interactions. However, even relatively weak stabilization of Lo-like
nanodomains in the interaction-poor Px units is sufficient to de-
crease the diffusion of Lyn-EGFP in these units due to its additional
protein-based interactions with clustered IgE-FceRI. We are
currently exploring other fitting models to further exploit the
quantitatively precise D CDF shapes and shifts, thereby to extract
more detailed physical information about stimulated changes in
membrane organization.

Lyn Access to Ag-Crosslinked IgE-FcsRI on the Inner Leaflet Requires
Lipid-Based Filtering and is Enhanced by Protein Binding. Comparing
Lyn-EGFP (Lo-preferring) to S15-Lyn-EGFP (Ld-preferring)
confirms that lipid-based sorting into stabilized Lo-like domains
is the primary requirement for Lyn’s capacity to couple func-
tionally with IgE-FceRI. Unlike Lyn-EGFP and PM-EGFP, D,,
values and CDF curves for S15-Lyn-EGFP shift to faster diffu-
sion after Ag addition, similarly to EGFP-GG and S15-EGFP
(Figs. 3, 4, and 7 A4). This comparison shows that interactions
mediated by Lyn’s cytosolic protein modules do not serve to slow
diffusion unless Lyn’s PM anchor steers it into stabilized Lo-like
domains. We infer that the slowed diffusion of Lyn-EGFP cor-
responds to Lyn first partitioning into the Lo-like domains that
surround Ag-crosslinked IgE-FceRI [Fig. 7 B, interaction mode 1
(15)]. Then, in this proximal location, Lyn phosphorylates tyro-
sines in cytosolic segments of FceRI (pTyr) and transiently binds
to these pTyr via its SH2 module [Fig. 7 B, interaction mode 2
(69)]. In comparison, S15-Lyn does not appreciably undergo
interaction mode 1, and PM lipid anchor does not undergo in-
teraction mode 2 (Fig. 7B). These interaction differences, which
produce contrasting diffusion shifts after Ag addition (Fig. 74),
also manifest functionally: Ag stimulates tyrosine phosphoryla-
tion mediated by Lyn-EGFP but not by S15-Lyn-EGFP (Fig. 4F).

ImFCS measurements on Lyn probes with variations in cyto-
solic protein modules further show that protein interactions
participate in appropriate coupling with Ag-crosslinked IgE-
FceRI. We found that if SH2-mediated binding to phosphory-
lated FceRI is prevented by a mutation in this module (54), then
the diffusion of this Lyn-mSH2-EGFP variant shifts faster
(rather than slower) after Ag addition (Figs. 5 B and 7 A). These
results suggest that the clustered cytosolic segments of Ag-
crosslinked FceRI sterically hinder the cytosolic protein modules
of this Lyn variant (Fig. 7 B, interaction mode 3) to counteract lipid-
based partitioning of its PM anchor. This interpretation is consistent
with results for other Lyn variants. Unlike Lyn-mSH2-EGFP, the D
CDFs and D,, values for Lyn-K279R-EGFP and Lyn-mSH3-EGFP
shift to slightly slower diffusion after Ag-crosslinking of IgE-FceRI,
but the extent of this negative shift is less than that for Lyn-EGFP
and PM-EGFP (Figs. 4, 5, and 7 4). We expect kinase-inactive Lyn-
K279R-EGFP to be steered to stabilized Lo-domains (via PM an-
chor; Fig. 7 B, interaction mode 1) resulting in slower diffusion, and
this variant has the capacity to bind to FceRI tyrosines that are
phosphorylated by endogenous Lyn in these cells (Fig. 7 B, inter-
action mode 2). However, endogenous Lyn is likely to be more
competitive for proximal binding to the tyrosines it phosphorylates,
and accordingly, Lyn-K279R-EGFP is probably more sensitive to
steric hindrance by the clustered cytosolic segments of FceRI
(Fig. 7 B, interaction mode 3).

The Lyn-mSH3-EGFP variant has a PM anchor, kinase ac-
tivity, and an intact SH2 module. However, the cytosolic SH3

10 of 12 | PNAS
https://doi.org/10.1073/pnas.2026583118

module, which connects the PM anchor to SH2 and kinase
modules, has been found to provide conformational plasticity of
Lyn cytosolic segments for optimal catalytic activity and subse-
quent binding to pTyr in FceRI (70). The impaired SH3 domain
in Lyn-mSH3-EGFP is expected to limit this optimizing effect,
rendering this variant more susceptible to steric hindrance by the
clustered FceRI. These ImFCS results are consistent with our
previous observations that Lyn-mSH2-EGFP is not recruited,
and Lyn-mSH3-EGFP is only weakly recruited to pm-scale IgE-
FceRI clusters that form when cells are placed on Ag-
micropatterned surfaces (54). In contrast, both Lyn-EGFP and
PM-EGFP are recruited to these micropatterned features (17,
54). Overall, the balance among interaction modes 1, 2, and 3
(Fig. 7B) after Ag addition results in slower diffusion for Lyn-
K279R-EGFP and Lyn-mSH3-EGFP but distinctively smaller
shifts than for Lyn-EGFP (Fig. 7 A and B). We conclude that
after Ag crosslinking of IgE-FceRI, the primary coupling inter-
action is Lo-preference of Lyn’s PM anchor to facilitate its
phosphorylation of FceRI cytosolic segments followed by binding
of its SH2 module to stabilize further the interaction. Despite
these stabilizing effects, the interactions are dynamic and rela-
tively weak, such that the overall slowing of Lyn-EGFP diffusion
is subtle (10% reduction in D,; Fig. 74). The small magnitude of
this change is consistent with the degree of coclustering of Lyn
and Ag-crosslinked IgE-FceRI observed with superresolution
imaging (15).

Slowed Diffusion of PTPx that Accompanies Exclusion from
Ag-Clustered IgE-FccRl Reflects Increased Ordering of the Outer
Leaflet and Steric Hindrance. Modulation of PTPa-EGFP’s bio-
physical properties after Ag addition is consistent with exclusion
from Ag-clustered FceRI and points to involvement of multiple
factors. That PTPa-EGFP has very low detergent resistance
(Fig. 64) agrees with our previous reconstitution studies (24)
showing that this TM phosphatase prefers an Ld-like environ-
ment, thereby limiting its access to the stabilized Lo-like envi-
ronment surrounding Lyn-phosphorylated FceRI after Ag
addition (Fig. 7 B, interaction mode 1). More recently, we ob-
served that PTPa is preferentially excluded from subclusters of
IgE-FceRI when cells are placed on Ag-patterned surfaces (71).
For both studies, the effects were reversed when the extracellular
and TM modules of PTPa were replaced by a Lo-preferring PM
membrane anchor. Consistent with our results, superresolution
imaging and cross-correlation analysis showed that Ld-preferring
TM phosphatase CD45 is depleted from the vicinity of Ag-
crosslinked B cell receptor clusters (43).

It is interesting that the D CDF curves (Fig. 6B) and D,,
(Fig. 74) for PTPa-EGFP shift to slower diffusion after Ag ad-
dition. This trend differs from stimulated changes in the diffu-
sion of Ld-preferring lipid probes in the inner leaflet, showing
that the diffusion of TM PTPa-EGFP is not controlled by the
phase-like properties of the membrane inner leaflet. The mem-
brane outer leaflet in resting RBL cells was found to be more
ordered than the inner leaflet (49), and this differential lipid
organization is consistent with our previously published result
that outer-leaflet Lo-preferring probe YFP-GL-GPI diffuses
much slower than the inner-leaflet Lo-preferring probe PM-
EGFP in unstimulated cells (32). Our ImFCS measurements
allow the possibility that Ag crosslinking of IgE-FceRI increases
the overall ordering in the outer leaflet through a mechanism
that may involve the cytoskeleton but has not yet been estab-
lished. For example, predominant Lo-like domains may become
more ordered and connected, whereas Ld-like domains become
more disordered and isolated. However, Ag-stimulated slowing
of YFP-GL-GPI (SI Appendix, Fig. S9C) could also be explained
by stabilization of more highly ordered nanodomains around Ag-
clustered FceRI in the outer leaflet, as suggested in our early
imaging of DilC,¢ colocalizing with patches of highly crosslinked
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IgE-FceRI (72). Recently, high-speed single-particle tracking
revealed transient arrest in the lateral diffusion of outer-leaflet,
Lo-preferring sphingomyelin around Ag-clustered FceRI,
whereas outer leaflet, Ld-preferring dioleoylphosphatidylcholine
shows no arrest (30). Our ImFCS measurements leave open the
possibility that FceRI clustering increases the ordering of outer-
leaflet lipids overall, thereby slowing both Ld- and Lo-preferring
probes that experience this leaflet.

Exclusion of an Ld-preferring TM phosphatase from Ag-
clustered FceRI probably involves stabilizing a more ordered
environment proximally and steric hindrance by FceRI TM
segments (Fig. 7 B, interaction modes 1 and 3, respectively). The
steric hindrance factor may also participate in PTPa’s slowed
diffusion, considering that Ag addition leads to 70% immobili-
zation of IgE-FceRI. These immobilized FceRI nanoclusters
would be expected to obstruct the diffusion of PTPa and other
mobile TM proteins. From superresolution imaging, we estimate
that Ag-clustered FceRI (dimension about 80 nm) would occupy
about 5% of the membrane surface area (14), which would be an
increase over any diffusion obstacles present in the membrane,
prior to or created by Ag stimulation. Theoretical studies show
that even a small level of immobile objects can significantly slow
the diffusion of mobile objects in 2D systems (60, 61). In par-
ticular, the model of Singh et al. (62) predicts that an increase in
the surface coverage of immobile objects by 5% reduces diffu-
sion of a mobile object by amounts consistent with our mea-
surements: Diffusion of PTPa-EGFP, a PTPa variant without
cytosolic protein modules (PTPa-E-TM-EGFP), and a passive
TM probe (YFP-GL-GT46) are all slowed by about 10%
(Fig. 74). Hence, it seems likely that immobilization of Ag-
clustered FceRI contributes to both the exclusion and slowed
diffusion of PTPa, although other explanations cannot be ruled
out. Overall, our ImFCS measurements of modulated diffusion
point to the importance of both lipid-based and steric exclusion
processes in protecting Ag-crosslinked IgE-FceRI, phosphory-
lated by Lyn, from dephosphorylation from a TM phosphatase.

Conclusion

As depicted by interaction modes in Fig. 7B, a coordinated
synergy of lipid- and protein-based interactions explains how Ag-
crosslinking of IgE-FceRI leads to its suprathreshold tyrosine
phosphorylation, both by facilitating access by Lyn kinase and
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