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Diffusion of GPI-anchored proteins is influenced 
by the activity of dynamic cortical actin

ABSTRACT  Molecular diffusion at the surface of living cells is believed to be predominantly 
driven by thermal kicks. However, there is growing evidence that certain cell surface mole-
cules are driven by the fluctuating dynamics of cortical cytoskeleton. Using fluorescence cor-
relation spectroscopy, we measure the diffusion coefficient of a variety of cell surface mole-
cules over a temperature range of 24–37°C. Exogenously incorporated fluorescent lipids with 
short acyl chains exhibit the expected increase of diffusion coefficient over this temperature 
range. In contrast, we find that GPI-anchored proteins exhibit temperature-independent dif-
fusion over this range and revert to temperature-dependent diffusion on cell membrane 
blebs, in cells depleted of cholesterol, and upon acute perturbation of actin dynamics and 
myosin activity. A model transmembrane protein with a cytosolic actin-binding domain also 
exhibits the temperature-independent behavior, directly implicating the role of cortical actin. 
We show that diffusion of GPI-anchored proteins also becomes temperature dependent 
when the filamentous dynamic actin nucleator formin is inhibited. However, changes in corti-
cal actin mesh size or perturbation of branched actin nucleator Arp2/3 do not affect this be-
havior. Thus cell surface diffusion of GPI-anchored proteins and transmembrane proteins that 
associate with actin is driven by active fluctuations of dynamic cortical actin filaments in addi-
tion to thermal fluctuations, consistent with expectations from an “active actin-membrane 
composite” cell surface.

INTRODUCTION
The spatial organization of many cell surface molecules is scale de-
pendent, dynamic, and influenced by interaction with the actin cor-
tex (Mayor and Rao, 2004; Hancock, 2006; Goswami et al., 2008; 

Lingwood and Simons, 2010; Gowrishankar et al., 2012), the thin 
layer of actin cytoskeleton that is juxtaposed to the bilayer. Although 
the cortical actin cytoskeleton is poorly defined, there is growing 
evidence that it is composed simultaneously of dynamic filaments 
(Gowrishankar et al., 2012) and an extensively branched meshwork 
(Morone et al., 2006). The coupling of the membrane to these two 
types of actin architectures is expected to affect the dynamics and 
organization of membrane components.

The cell surface is compartmentalized into domains of distinct 
composition (Simons and Ikonen, 1997; Edidin, 2003). Whether this 
“compartmentalization” comes about by equilibrium or nonequilib-
rium mechanisms is a subject of debate. It is clear, however, that 
simple equilibrium explanations based on the liquid-disordered 
(ld)–liquid-ordered (lo) phase coexistence underpinning the original 
“membrane raft” proposal are likely to be inadequate (Rao and 
Mayor, 2014). This is because at physiological temperatures (∼37°C), 
large-scale phase segregation is not observed in live cell mem-
branes, membrane blebs, or giant plasma membrane vesicles de-
rived from the cell surface (Baumgart et al., 2007; Levental et al., 
2009; Johnson et  al., 2010), although the last two membrane 
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specifically showed that the diffusion of many membrane proteins 
and lipids are constrained and compartmentalized by the actin 
meshwork and result in an effective “cage-hopping” diffusion be-
havior (Fujiwara et al., 2002; Umemura et al., 2008). This has led to 
the “picket-fence” picture of membrane organization in which cer-
tain membrane components are corralled by the stable actin mesh 
(Kusumi et al., 2012). Recent studies also showed that the cortical 
actin and microtubule–based cytoskeleton can spatially organize the 
diffusion of oxidized low-density lipoprotein receptor CD36 and 
regulate its signaling ability (Jaqaman et al., 2011). Fluorescence cor-
relation spectroscopy (FCS) measurements in cells also suggested 
that the mobilities of sphingolipids, ganglioside GM1, and GPI-an-
chored proteins show a signature of transient trapping arising from 
their engagement with nanoscale lipid domains (Lenne et al., 2006) 
and/or the underlying cortical actin meshwork (Mueller et al., 2011).

Although the foregoing studies made a strong case for the role 
of the cortical actin meshwork in structuring the diffusion process in 
the cell surface, it is unclear whether actomyosin activity can also 
influence the diffusion of membrane molecules. From a first- princi-
ples perspective, molecular diffusion in any milieu is a result of ran-
dom kicks provided by the fluctuating environment. The cell surface 
is no exception, and molecules will be driven by thermal fluctuations 
while encountering the impediments offered by the underlying cy-
toskeleton. However, for passive or active types of molecules, both 
active fluctuations (potentially involving cortical actomyosin) and 
thermal fluctuations (Brownian motion) are likely to contribute to 
molecular diffusion. Several studies have reported active contribu-
tions to translational diffusion of tagged particles in the cytoplasm 
(Brangwynne et al., 2008, 2009; Fakhri et al., 2014; Guo et al., 2014), 
the nucleus (Hameed et al., 2012), and the bacterial nucleoid (Weber 
et al., 2012), although the sources of activity are different in each 
case. The strategy adopted in all of these studies is to focus on 
those features of diffusion that are strongly affected by perturbing 
the sources of activity.

It is not known whether the signatures of such active fluctuations 
can be detected at the cell surface. Here we investigate the diffusion 
characteristics of fluorescently tagged inert and passive cell surface 
molecules by FCS (Kim et al., 2007). We report on the temperature 
variation of diffusion of a variety of lipid probes, GPI-anchored pro-
teins, and transmembrane proteins with (and without) actin-binding 
motifs and under different conditions. The results provide evidence 
that passive molecules, such as GPI-anchored proteins and trans-
membrane protein with a cytoplasmic actin-binding domain (TM-
ABD), which are capable of interacting with a dynamic cortical actin 
pool, exhibit diffusive motion influenced by actomyosin activity. We 
find that motion of these molecules is characterized by the extent of 
temperature variation of diffusion. This in turn reflects the nature of 
fluctuations driving the diffusion of the tagged molecule at the cell 
surface. Our results are consistent with a model of membrane dy-
namics and organization resulting from the active actin-membrane 
composite (Rao and Mayor, 2014).

RESULTS
Diffusion of GPI-anchored proteins on cell surface shows 
temperature independence
We used confocal-FCS to measure the diffusion coefficient D of inert 
lipid probes (which do not couple to dynamics of cortical actin) in the 
range 20–37°C (see also Lee et al., 2015). The probes—the short-
chain sphingomyelin (C5-BODIPY FL-SM, B-SM) and phosphatidyl-
choline (C5-BODIPY FL-HPC, B-PC)—were exogenously incorporated 
in the outer leaflet (Figure 1, A and B, and Supplemental Figure S1). 
We used maximum entropy method (MEM) analysis to determine the 

preparations exhibit bona fide phase segregation behavior at lower 
temperatures (∼15–18°C).

Studies of the spatial and temporal organization of glycosylphos-
phatidylinositol (GPI)-anchored proteins have provided insights into 
the organization of a membrane component that associates with lo 
domains in artificial membranes. These studies have shown that 
GPI-anchored protein organization exhibits unusual properties not 
easily explained by equilibrium mechanisms (Goswami et al., 2008). 
These unusual features are 1) the existence of cholesterol-sensitive, 
GPI-anchored protein clusters and monomers in a fixed, concentra-
tion-independent ratio (Varma and Mayor, 1998; Sharma et  al., 
2004), 2) a heterogeneous, nonrandom spatial distribution, 3) spa-
tial distribution and dynamics regulated by cortical actin and myosin 
activity, and 4) remodeling of nanoclusters (fragmentation-aggrega-
tion) with rates that are insensitive to temperature in the range 
24–37°C with an abrupt crossover below 24°C, coinciding with a 
sharp reduction in actomyosin contractility/activity (Sheetz et  al., 
1984; Goswami et al., 2008). Indeed, diverse quantitative high-reso-
lution microscopy techniques, such as fluorescence resonance 
energy transfer (Varma and Mayor, 1998; Sharma et  al., 2004; 
Goswami et al., 2008), electron microscopy (Plowman et al., 2005), 
and near-field scanning optical microscopy (van Zanten et al., 2009), 
have demonstrated that in addition to GPI-anchored proteins, a 
variety of cell surface molecules, such as Ras (Prior et  al., 2003; 
Plowman et al., 2005) and glycolipids (Fujita et al., 2007), form cho-
lesterol-sensitive, actin-dependent dynamic nanoclusters.

A consistent explanation of the unusual features exhibited by 
GPI-anchored proteins was provided by invoking the physics of ac-
tive systems (Marchetti et al., 2013) in understanding the interaction 
of actin filaments and the ATP-consuming myosin with the cell mem-
brane (Gowrishankar et al., 2012). We proposed that specific cell 
surface molecules are actively driven by their interaction with a dy-
namic actomyosin system and can be classified accordingly into 
three types (Gowrishankar et al., 2012): inert (e.g., lipids with short 
acyl chains or proteins with no possibility of interaction with actin 
filaments, such as exogenously incorporated fluorescent, short acyl 
chain–containing lipids, like C5-BODIPY FL-SM), passive (molecules 
that exhibit an interaction with actin filaments; e.g., GPI-anchored 
proteins and transmembrane proteins that carry actin-binding ca-
pacity), and active (molecules that interact with and also influence 
cortical actin; e.g., signaling receptors such as integrin receptors 
and T- and B-cell receptors). Recently we showed that GPI-anchored 
proteins couple across the bilayer with actin-binding proteins via 
transbilayer interactions with inner-leaflet phosphatidylserine, in-
volving their long acyl chains (Raghupathy et al., 2015). Predictably, 
passive molecules (e.g., GPI-anchored proteins) also show anoma-
lously large density fluctuations, as a consequence of being driven 
by actomyosin flows (Gowrishankar et al., 2012). In contrast, inert 
molecules (e.g., C5-BODIPY FL-SM) exhibit conventional (Brownian) 
density fluctuations (Gowrishankar et al., 2012). We proposed that 
these features can result from nonequilibrium processes based on 
interaction of passive molecules with dynamic cortical actin and 
myosin contractility (Gowrishankar et  al., 2012; Rao and Mayor, 
2014). The nature of these interactions has implications for how mol-
ecules may interact at the cell surface, thereby influencing the regu-
lation of signaling mediated by membrane receptors (Chaudhuri 
et al., 2011; Jaqaman et al., 2011; Gowrishankar et al., 2012). Such 
interactions can also influence the diffusion behavior exhibited by 
these types of molecules.

Prior studies on the diffusion of membrane lipids and proteins 
clearly revealed an influence of the cortical actin meshwork that is 
juxtaposed to the membrane. Single-particle tracking (SPT) studies 
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We next studied the diffusion of two GPI-
anchored proteins: 1) folate receptor (FR-
GPI), labeled with a fluorescent folate ana-
logue (PLB; Goswami et  al., 2008), and 2) 
enhanced GFP (EGFP)–CD52-GPI (CD52; 
EGFP fused to the GPI signal from CD52), 
expressed either stably (FR-GPI) or tran-
siently (CD52) in CHO cells. FCS measure-
ments were made across the same tempera-
ture range (20–37°C) and confocal spot size 
for these probes. The values of diffusion 
coefficient we report for the GPI-anchored 
protein probes (∼0.5–2 μm2/s) are consistent 
with prior FCS and fluorescence recovery 
after photobleaching (FRAP)–based studies 
(Lenne et al., 2006; Nohe et al., 2006; Day 
and Kenworthy, 2012). However, the diffu-
sion of GPI-anchored proteins was tempera-
ture independent (or weakly dependent) 
over the same range (Figure 1C and Supple-
mental Table S1).

One quantitative measure of tempera-
ture sensitivity for membrane diffusion is 
Q10 (Wey et al., 1981), the rate of change of 
a biochemical system on increase in tem-
perature of 10°C (detailed in Materials and 
Methods). A Q10 close to 1 implies tempera-
ture independence, whereas Q10 signifi-
cantly larger than 1 implies temperature 
dependence. Both fluorescent lipid probes 
showed a Q10 that is appreciably greater 
than 1, in sharp contrast to the GPI probes, 
with Q10 in the range ∼1–1.1 (Figure 1D). In 
Materials and Methods, we discuss other 
measures of temperature dependence, 
which also confirm that these probes show a 
definite and smooth increase with tempera-
ture, whereas GPI-anchored proteins remain 
temperature independent.

Temperature sensitivity of 
GPI-anchored protein diffusion 
is scale dependent
Prior studies on GPI-anchored proteins us-
ing FCS and FRAP (Kenworthy et al., 2004; 

Nohe et al., 2006; Day and Kenworthy, 2012; Bag et al., 2014) re-
ported a temperature dependence of diffusion. Whereas our ob-
servations (Figure 1, C and D) may be at odds with these studies, a 
careful examination of the diffusion data on GPI-anchored proteins 
indicated that most measurements were acquired at a considerably 
larger confocal spot sizes (≥5 × 104 nm2) than those reported in 
Figure 1, where the confocal spot area was ω2 = 3 × 104 nm2. Hence 
we asked whether the temperature independence of GPI-anchored 
proteins could be a scale-dependent phenomenon. We tested this 
by measuring the diffusion of EGFP-GPI (EGFP tagged to GPI-sig-
nal of FR-GPI) expressed in CHO cells as a function of temperature 
at three distinct and gradually increasing confocal spot sizes (ω2 = 3 
× 104 < 4.5 × 104 < 6 ×104 nm2). Although we again recover the 
characteristic temperature independence for EGFP-GPI at the 
smallest spot size of 3 × 104 nm2, at larger confocal spot areas, ω2 = 
4.5 × 104 and 6 × 104 nm2, EGFP-GPI shows a crossover to a tem-
perature-dependent increase in diffusion coefficient (Figure 2A), 

right fitting model in an unbiased way (detailed in Materials and 
Methods), since the MEM algorithm fits the data to a distribution of 
possible correlation time scales (Sengupta et al., 2003) rather a prede-
termined single or multicomponent FCS model. MEM analysis of the 
intensity autocorrelation plots of these outer-leaflet probes showed 
that they could be fit well to a single diffusion time scale. The mea-
surements, acquired at a confocal spot area (ω2 = 3 × 104 nm2), yield 
correlation time scales of ∼3–5 ms and a corresponding typical diffu-
sion coefficient of ∼1–2.5 μm2/s in the range 20–37°C, reflecting a 
steady increase in value with increasing temperature. These values 
are consistent with other FCS studies on the cell surface (Lenne et al., 
2006). High-resolution SPT studies show two distinct diffusion coeffi-
cients—an early, fast and a later, slow diffusion, with the latter roughly 
coinciding with the diffusion coefficient determined by FCS (Fujiwara 
et al., 2002). The origin of this discrepancy might lie in the lower spa-
tial resolution of a confocal FCS spot compared with the nanometer-
scale precision of localization of SPT (Kusumi et al., 2012).

FIGURE 1:  Membrane diffusion of GPI-anchored proteins exhibit temperature insensitivity. 
(A) Plasma membrane locations of the different probes used in study: GPI-anchored protein (1) 
and exogenously incorporated short-chain lipids, C5-BODIPY FL-SM (B-SM; 2), and C5-BODIPY 
FL-HPC (B-PC; 3), used for the FCS measurements on the basal membrane of the cell. 
(B) Confocal fluorescence images show the cell surface distribution of these fluorescent probes 
(1–3 are EGFP-GPI, B-SM, and B-PC, respectively) at the basal surface of CHO cells. (C) Typical 
diffusion coefficient, D, extracted from FCS measurements made on short-chain lipids (B-SM and 
B-PC) and GPI-anchored proteins, folate receptor (FR-GPI), and EGFP-CD52-GPI (CD52) in CHO 
cells at a confocal spot size 3 × 104 nm2 across the temperature range 20–37°C. The inert lipid 
probes (B-SM and B-PC) show distinct temperature dependence, whereas the GPI probes 
(FR-GPI and CD52) show temperature insensitivity. (D) Temperature coefficient of diffusion, Q10, 
is significantly higher for the lipid probes than with FR-GPI, indicating clear differences in the 
diffusion behavior of inert and passive membrane molecules. Scale bar, 10 μm. Data collected 
from 12−15 cells at each temperature for the different probes from two experiments. Error bars 
are SEs; ***p < 0.001; ns, nonsignificant (t test compared with B-SM).
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beneath. Therefore we expected that the removal of cholesterol 
should qualitatively alter the dynamics of GPI-anchored proteins. 
Our FCS measurements showed that, in general, cholesterol deple-
tion leads to a significant reduction in D for both inert molecules 
(C5-BODIPY FL-SM; Supplemental Figure S3, A and B) and passive 
molecules (GPI-anchored proteins; Figure 3, B and C), consistent 
with earlier reports (Lenne et al., 2006). This can be attributed to an 
overall increase in membrane viscosity due to the loss of a major 
component of the membrane, as well as the reorganization of the 
underlying actin cytoskeleton (Kwik et al., 2003). More significantly, 
however, we find that upon cholesterol depletion, the diffusion co-
efficient of both EGFP-GPI (Figure 3, Ai and B) and FR-GPI (Figure 3, 
Aii and C) showed a systematic increase with temperature, corrobo-
rated by a significant increase in the values of temperature coeffi-
cient Q10 (Figure 3, B and C, insets, and Supplemental Table S2). Of 
course, the diffusion coefficient of the inert molecule C5-BODIPY 
FL-SM remained temperature dependent upon similar cholesterol 
perturbations (Supplemental Figure S3, A and B). In summary, these 
results indicate that adequate cholesterol levels in the plasma mem-
brane are necessary for the temperature-independent diffusion of 
GPI-proteins.

Diffusion of GPI-anchored proteins on blebs is temperature 
dependent
We next explored the effect of detaching the actin cytoskeleton on 
the diffusion behavior of passive molecules, such as GPI-anchored 
proteins. Giant membrane blebs or cell-attached giant plasma 
membrane vesicles (Baumgart et al., 2007) induced by brief expo-
sure to ethanol (5–10% [vol/vol]) represent a good system with 
which to study lipid diffusion in the absence of cortical actin 
(Figure 4Ai). With regard to passive molecules, we previously 
showed that the GPI-anchored protein organization is extremely 
sensitive to the loss of dynamic actin; on blebs, we find a complete 
abrogation of nanoclustering of the GPI-anchored proteins 
(Goswami et al., 2008). Here we find that the diffusion of FR-GPI on 

corroborated by significant differences in Q10 (Figure 2C and Sup-
plemental Table S2). Thus, on change of the spot size, the diffusion 
of GPI-anchored proteins reverts to temperature-dependent be-
havior. This temperature-independent diffusion behavior and its 
crossover to a temperature-dependent one at larger confocal spot 
sizes is also observed for CD52 in Jurkat T-cells (Figure 2D and 
Supplemental Table S1). On the other hand, lipid probes exhibit 
temperature-dependent diffusion at both the small (3 × 104 nm2) 
and large (6 × 104 nm2) confocal spot sizes (Supplemental Figure 
S2).

We will return to this point later, when we investigate the effect 
of varying the cortical actin mesh size on the temperature depen-
dence of diffusion of passive molecules. A notable feature in the 
D versus T data, especially for EGFP-GPI, is a sharp change in diffu-
sion coefficient between the temperatures 20 and 24°C (**p < 0.01, 
Kolmogorov–Smirnov [KS] test). This is presumably due to a higher 
degree of variability in the measured diffusion coefficients at these 
temperatures. In our earlier work (Goswami et  al., 2008), we re-
ported that there is also considerable heterogeneity in the actin-
driven nanocluster remodeling rates at individual temperatures. 
These sharp features may represent the inherent spatial differences 
in actin dynamics of the regions sampled in our measurements and 
thereby account for variations in the data. This peculiarity in the dif-
fusion behavior of GPI-anchored proteins led us to investigate 
whether the coupling of GPI-anchored proteins to cortical actin and 
its dynamics is key to the temperature-independent diffusion.

Cholesterol depletion restores temperature-dependent 
diffusion of GPI-anchored proteins
Studies from our group (Sharma et al., 2004; Goswami et al., 2008; 
Raghupathy et al., 2015) and others (van Zanten et al., 2009) have 
shown that cholesterol is a key molecule in the formation, spatial 
distribution, and dynamics of GPI-anchored protein nanoclusters. 
These experiments have suggested that cholesterol is required for 
the coupling of the GPI-anchored proteins to the cortical actin 

FIGURE 2:  Temperature independence of GPI-anchored protein diffusion is scale dependent. (A) Typical diffusion 
coefficients of EGFP-GPI in CHO cells across 20–37°C at three different spot sizes, 3 × 104, 4.5 × 104, and 6 × 104 nm2, in 
a spot-variation FCS approach (inset, increasing spot sizes color-coded as blue/green/red concentric circles). Note the 
poor temperature dependence for the GPI-anchored proteins at the smallest spot size, 3 × 104 nm2 (A, blue), and its 
crossover to a distinct temperature-dependent trend at the larger spot size, 6 × 104 nm2 (A, red). (B) Jurkat T-cells 
expressing CD52 also show similar crossover behavior, reflected in the Q10 (inset) values. (C) A Q10 analysis shows 
temperature-independent diffusive behavior for the spot size 3 × 104 nm2 for multiple different constructs in CHO cells. 
By contrast, at the larger spot sizes, 4.5 × 104 and 6 × 104 nm2, GPI-anchored protein diffusion begins to show a distinct 
crossover to temperature-dependent behavior, with significantly different Q10 at spot size 6 × 104 nm2. Data collected 
from 10−15 cells at each temperature for different constructs and confocal spot sizes from two experiments. Error bars 
are SEs; ** p <0.01; ns, nonsignificant (t test for B, inset, and one-way ANOVA with Tukey’s mean comparison test for C).
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G-actin–sequestering agent (Figure 4ii). In 
earlier work, we observed that at this con-
centration, there was a loss of dynamic actin 
filaments (Gowrishankar et  al., 2012) and 
nanocluster remodeling activity (Goswami 
et al., 2008). On latrunculin A treatment, our 
FCS data showed that the diffusion coeffi-
cient of GPI-anchored proteins became 
temperature dependent (Figure 4, B and C), 
reflected by a small (but statistically signifi-
cant) change in Q10.

At first glance, our observations appear 
at odds with earlier FCS (Lenne et al., 2006) 
and FRAP studies (Day and Kenworthy, 
2012), which concluded that GPI-anchored 
protein diffusion is unaffected upon actin 
perturbations. Indeed, at 37°C, the diffusion 
coefficient of GPI probes does not show sig-
nificant differences between control and la-
trunculin A–perturbed cells (Lenne et  al., 
2006), in agreement with our experiments 
(Figure 4B). However, at lower temperatures 
(20–28°C), the diffusion coefficient of GPI 
APs in latrunculin A–treated cells is much 
lower than the control, resulting in an overall 
temperature dependence.

To perturb actomyosin activity, we mod-
ulated the activity of myosin regulatory light 
chain (MRLC) phosphorylation, a key modu-
lator of nonmuscle myosin II activity 
(Vicente-Manzanares et al., 2009). Here we 
used a cocktail comprising inhibitors against 
the two predominant MRLC kinases, myosin 
light chain kinase (MLCK; inhibited by ML-7) 
and Rho-associated protein kinase (ROCK; 
inhibited by Y-27632), to reduce global my-
osin activity (Totsukawa et al., 2000; Katoh 
et al., 2001). On such a perturbation, FCS 
measurements on FR-GPI showed that D 
increases smoothly with temperature, exhib-

iting a modest (yet statistically significant) increase in Q10 (Figure 4, 
B and C, and Supplemental Table S2).

Although the temperature dependence of the diffusion of inert 
molecules is retained upon these perturbations, the extent of varia-
tion as measured by Q10 is reduced (Supplemental Figure S3E). 
Quite generally, we find that the value of the diffusion coefficient of 
both inert and passive molecules is lower than the control (Supple-
mental Figure S3, D and E, and Figure 4B). This may reflect the fact 
that perturbations of cortical actin and its activity affect some global 
property, such as membrane tension, which could in turn alter mole-
cular diffusion on the membrane (by changing both the local envi-
ronment of the tagged particle and the excess area stored in the 
short- wavelength folds of the membrane).

To summarize, our observations show that perturbing both corti-
cal actin and the linkage of the GPI-anchored proteins to the actin 
(by the removal of cholesterol) and its actomyosin activity makes the 
diffusion of GPI-anchored proteins thermally driven.

Diffusion of a transmembrane actin-binding probe is also 
temperature independent
To test directly whether it is the molecular association with cortical 
actin filaments that gives rise to the temperature-independent 

blebs shows a clear temperature dependence, with D > 4 μm2/s 
(Figure 4B). Predictably, we see an appreciable increase in the D of 
lipids on these blebs due to a combination of effects that include a 
local loss in hydrodynamic friction, a smoothening of short-wave-
length membrane folds, and a reduction in steric effects arising from 
the cortical meshwork. Diffusion on membrane blebs has also been 
reported by multiple techniques, including SPT (Murase et  al., 
2004), FCS (Golebiewska et al., 2008), and FRAP (Tank et al., 1982), 
to be much faster than on plasma membrane with attached actin 
cortex. Consistent with this, we find that the inert molecule C5-
BODIPY FL-SM also shows enhanced but still temperature-depen-
dent diffusion on blebs (Supplemental Figure S6C). In addition, we 
see a distinct temperature-dependent diffusion of GPI-APs on blebs 
reflected in the significant increase of Q10 values (Figure 4C and 
Supplemental Table S2).

Perturbation of actin and myosin renders GPI-anchored 
protein diffusion temperature dependent
We then asked whether perturbations of cortical actin and its activity 
affect the diffusion of GPI-anchored proteins and their temperature 
variation. To do this, we first inhibited F-actin polymerization by 
treating cells with titrated amounts (∼2 μM) of latrunculin A, a 

FIGURE 3:  GPI-anchored protein diffusion becomes temperature dependent upon cholesterol 
depletion. CHO cells expressing EGFP-GPI (Ai) or FR-GPI (Aii) were treated with 10 mM MβCD 
(for 45 min) to reduce the levels of membrane cholesterol, and FCS measurements were made 
from the basal membrane at the smallest spot size (ω2 = 3 × 104 nm2). Compared to untreated 
cells (controls same as in Figure 2), FCS measurements on cholesterol-depleted (MβCD) cells 
expressing EGFP-GPI (B) or FR-GPI (C) show a marked reduction in their diffusion coefficients, as 
well as a systematic dependence on temperature, also seen in the significant increase in Q10 in 
both cases. Scale bar, 10 μm; at least 10–12 cells at each temperature from two experiments. 
Error bars are SEs; ***p < 0.001, **p < 0.01 (t test).
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temperature-independent diffusion. In con-
trast, the diffusion of TM-ABD* exhibits tem-
perature- dependent diffusion in the same 
temperature range. This is also reflected in a 
significant difference in the values of Q10 
between TM-ABD and TM-ABD*. These re-
sults provide further evidence suggesting 
that membrane molecules that bind, either 
directly or indirectly, to actin filaments ex-
hibit a diffusion coefficient that is indepen-
dent of temperature.

Perturbation of actin filament 
dynamics but not the actin mesh 
architecture leads to temperature 
dependence of GPI-anchored 
protein diffusion
Thus far, we have seen that the temperature 
independence of the diffusion coefficient of 
passive molecules on the cell membrane is 
due to their coupling with actin at the cor-
tex. We now ask what configuration or archi-
tecture of actin is responsible for this “non-
Brownian” behavior. We recall that the two 
configurations of actin, namely the branched 
meshwork and the dynamic actin pool, 
could be produced by different nucleators 
(Pollard, 2007). For instance, the branched 
meshwork is predominantly nucleated by 
Arp2/3 (Svitkina and Borisy, 1999; Wu et al., 
2012). Pharmacological perturbation of 
Arp2/3 using CK-666 (Nolen et  al., 2009) 
results in the reduction of cytoskeletal 
branching and lamellar extension (Wu et al., 
2012). In contrast, perturbation of formins 
by treating cells with the inhibitor SMIFH2 
(Rizvi et  al., 2009) has little effect on the 
visible architecture of Arp2/3-dependent 
lamellipodia.

On the other hand, there is increasing 
evidence that the formins, major nucleators 
of filamentous actin in cells (Goode and Eck, 
2007), are responsible for nucleating a dif-
ferent configuration of actin at the cortex 
(Pruyne et al., 2002). FCS and SMP tracking 
of EGFP-tagged actin-binding domain of 
utrophin (UTR-ABD) provided evidence for 
the presence of dynamic short actin fila-
ments at the cortex of length l ≈ 200 nm (as-
sociated with a diffusion time scale of 

∼10 ms; Gowrishankar et al., 2012). We find a marked reduction in 
the levels of this dynamic actin pool in SMIFH2-treated (25 μM for 
2 h) cells but not in CK-666 treated (50 μM for 2 h) cells (Figure 6, B 
and C), suggesting the role of formins as a specific nucleator of this 
dynamic filament pool at the cortex.

The loss of dynamic actin filaments upon formin perturbation 
affects the diffusion characteristics of GPI-anchored proteins. FCS 
measurements were made at different temperatures on CHO cells 
stably expressing EGFP-GPI (Figure 6, Di and E) pretreated with 
SMIFH2 as described. These studies showed that the diffusion co-
efficient becomes temperature dependent upon formin perturba-
tions (Figure 6E), with Q10 ≈ 1.4 (Figure 6 F). Consistent with the 

diffusion, we measured the diffusion coefficient of a model trans-
membrane protein fused to an actin-binding domain (ABD) from 
ezrin at its cytoplasmic domain (TM-ABD; Figure 5Aii), which can 
interact directly with the cortical actin (Gowrishankar et al., 2012). To 
generate a negative control, we also constructed an actin-binding 
mutant (R579A mutation in the ezrin ABD) counterpart, TM-ABD* 
(Figure 5Aiii), which eliminates its binding to actin. TM-ABD was 
previously shown to form nanoclusters that depend on its ability to 
bind actin filaments, whereas the TM-ABD* protein is unable to 
form nanoclusters (Gowrishankar et al., 2012). FCS measurements 
(at the confocal spot size of 3 × 104 nm2) on TM-ABD across the 
temperature range 20–37°C (Figure 5, B and C) shows an overall 

FIGURE 4:  GPI-anchored protein diffusion on membrane blebs devoid of cortical actin shows 
temperature dependence upon actomyosin perturbations. (A) CHO cells expressing FR-GPI 
(labeled with PLB) were acutely treated with 10% ethanol (vol/vol) for 15 min to induce the 
formation of large and stable blebs (Ai; note bleb in inset) or with inhibitor of actin 
polymerization LatA (Aii) and imaged on a confocal microscope. We carried out FCS 
measurements on the topmost confocal plane for blebs (+ in inset of Ai) and the basal 
membrane for the other perturbations (+ in Aii), with spot size ω2 = 3 × 104 nm2. (B) Typical 
diffusion coefficients of FR-GPIs determined by FCS measurements on blebs or by perturbations 
of cortical actin polymerization by LatA or myosin contractility by a cocktail of ML7 and Y27632 
(ML7+Y27). These treatments make the FR-GPI diffusion temperature dependent compared 
with the untreated cell (control, dimethyl sulfoxide [DMSO] vehicle treatment). (C) The extent of 
temperature dependence is measured by the significant increase in the value of Q10 compared 
with the control case. Scale bar, 10 μm. Data collected from 10−12 cells at each temperature for 
all of the perturbations from two experiments. Error bars, SEs; ***p < 0.001, **p < 0.01, and 
*p < 0.05 (one-way ANOVA, Tukey’s mean comparison test).
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in the range 28–37°C (Figure 7B), with 
Q10 ≈ 1.05–1.1 (Figure 7C), similar to CHO 
cells (Figure 2, A and C). The value of the dif-
fusion coefficient is also roughly the same in 
the two cell types. In addition, similar to 
CHO and Jurkat cells, diffusion in NRK cells 
also shows a distinct crossover to a tempera-
ture-dependent behavior at the larger confo-
cal spot area (ω2 = 6 × 104 nm2; Figure 7B), 
although the diffusion coefficients at the 
larger spot size are much reduced compared 
with those at the smaller spot size. Taken to-
gether, our results suggest that the coupling 
of passive molecules to juxtamembrane dy-
namic actin filaments renders their diffusion 
nonthermal.

DISCUSSION
The diffusion of inert cell surface molecules, 
which do not interact with cortical actin, 
such as short-chain lipids or model trans-
membrane proteins that do not have actin-
binding properties, was shown in our experi-
ments to increase smoothly with increasing 
temperature in the range 20–37°C. Inert 
molecules experience thermal fluctuations 
alone and hence must have thermal diffu-
sion coefficient D = μkBT, where kB is the 
Boltzmann constant, and the mobility μ is 
inversely proportional to the membrane vis-
cosity, η. The local membrane viscosity 
could in general depend both on tempera-
ture and local organization of the membrane 
components. By contrast, our results high-
light that passive cell surface molecules that 
interact with actin filaments (see later discus-
sion), such as GPI-anchored proteins or 
transmembrane proteins that couple directly 
to actin (TM-ABD), exhibit a different diffu-
sion behavior. Their diffusion coefficient is 
independent of (or very weakly dependent 
on) temperature in the same range.

Previous studies from our laboratory showed that passive mole-
cules that couple to the actin cytoskeleton are organized into nano-
clusters by the active driving of the underlying actin filaments, result-
ing in relatively immobile nanoclusters. This observation (Goswami 
et al., 2008; Gowrishankar et al., 2012) and its explanation (Rao and 
Mayor, 2014) imply that there is a connection with membrane com-
ponents and underlying dynamic actin filaments. For transmem-
brane proteins that have actin-binding motifs in their cytoplasmic 
tails or can recruit such actin couplers (like ezrin; Doherty and McMa-
hon, 2008), the connection to the dynamic filaments is obvious. Re-
cent experiments from our laboratory also showed that the coupling 
of GPI-anchored proteins across the bilayer to the underlying corti-
cal actin is mediated by cholesterol-dependent transbilayer interac-
tions of saturated long acyl chain present in the GPI-anchor coupling 
with saturated long–acyl chain phosphatidylserine at the inner leaf-
let (Raghupathy et al., 2015). This transient stabilization of local lo 
compositional fluctuations of the membrane at the inner leaflet in 
association with actin filaments provides a mechanism that allows 
outer-leaflet GPI-anchored proteins to be driven by dynamic actin 
filaments. We suggest that the active fluctuations arising from these 

result that Arp2/3 activity is not the nucleator of short dynamic fila-
ments, we find that the temperature-independent diffusion of 
EGFP-GPI is maintained upon Arp2/3 perturbations, with Q10 ≈ 1 
(Figure 6, E and F).

The absence of any discernible effect of the branched actin nucle-
ator (Arp2/3) inhibitor CK-666 on the diffusion characteristics of GPI-
anchored proteins prompted us to examine whether altering the na-
ture of the static actin mesh in any other way had an effect on 
GPI-anchored protein diffusion. As highlighted in previous work 
(Morone et al., 2006), we explored this issue on cells with widely dif-
ferent mesh sizes. Our studies thus far had been conducted on CHO 
cells, which, from SPT (Murase et al., 2004; Umemura et al., 2008) 
measurements, display mesh sizes in the range of 40–100 nm. We 
now measured the diffusion characteristics of GPI-anchored proteins 
in normal rat kidney epithelial (NRK) cells (Figure 7A), which have a 
much larger mesh size (∼250 nm) than CHO cells (Murase et al., 2004; 
Morone et al., 2006). Our FCS measurements in NRK cells on GPI-
anchored CD52 at the smallest confocal spot size (ω2 = 3 × 104 nm2) 
show that the diffusion coefficient shows a sharp jump from 24 to 
28°C (*p < 0.05, KS test), after which it is temperature independent 

FIGURE 5:  TM-ABD protein diffusion on the cell membrane is temperature independent, 
whereas the mutant is temperature dependent. (A) Schematic (Ai) shows the membrane location 
of TM-ABD, a chimeric construct with an N-terminal reporter domain, the folate receptor (FBP), 
and then a transmembrane domain followed by a C-terminal actin-binding domain from ezrin 
(ABD) or its R579A mutant (ABD/*), which cannot bind actin. CHO cells expressing a 
transmembrane actin-binding probe, TM-ABD (Aii), or its nonbinding counterpart (Aiii) are 
labeled with PLB and imaged on a confocal microscope. We made FCS measurements on the 
flat membrane regions of both cells across different temperatures. (B) The TM-ABD exhibits 
temperature-independent diffusion, whereas TM-ABD* does not. (C) Measurement of Q10 
shows that whereas TM-ABD has a value close to 1, TM-ABD* has a value that is significantly 
higher. Scale bar, 10 μm. Data from 10–12 cells at each temperature for both constructs from 
two experiments. Error bars are SEs; **p < 0.01(t test).
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and stresses generated by the dynamic of actin and myosin at the 
cortex (Gowrishankar 2012). According to the active composite 
model (see Figure 8), the passive molecule can couple to locally cor-
related flows of dynamic cortical actin filaments (of scale ∼200 nm; 
Gowrishankar et al., 2012). This yields a mean duty ratio for the pas-
sive molecules that depends on both the local concentration of ori-
ented dynamic filaments (aster zone) and the binding/unbinding 
rate. When the passive particles are bound to these filaments, their 
diffusion is driven by actomyosin activity, whereas in the unbound 
state, the passive particles diffuse freely due to thermal fluctuations. 
Indeed, prior studies showed that active processes involving acto-
myosin activity, such as ATP-dependent myosin motility on actin 

interactions can in turn influence the diffusive motion of passive mol-
ecules on the cell surface.

An explanation for our data may be found in the recently pro-
posed active composite model (Gowrishankar et al., 2012; Rao and 
Mayor, 2014) of the cell surface. This framework considers the cell 
surface as a composite of the multicomponent plasma membrane 
and the cortical actin configuration on which it rests. The cortical 
actin is composed of two species; one is a relatively static branched 
and cross-linked meshwork (Morone et  al., 2006), and the other 
comprises short and dynamic polar actin filaments (Gowrishankar 
et al., 2012). The local composition and dynamics of the membrane 
coupled with the cortical actin are thereby affected by active currents 

FIGURE 6:  Perturbation of formin activity leads to loss of dynamic actin filaments and temperature dependence of 
GPI-anchored protein diffusion. (A) Schematic shows the EGFP-tagged actin-binding domain of utrophin (UTR-ABD) 
used here to study the dynamics of actin filaments by FCS. Confocal images of CHO cells expressing this probe (control, 
Ai) show distinct labeling of actin stress fibers interspersed with diffuse regions corresponding to the cortical meshwork 
(Ai) where FCS measurements were made. In contrast, cells (Aii) treated with formin inhibitor SMIFH2 for 2 h showed a 
marked reduction of stress fibers. Note changes in the shape of the treated cells, with a pronounced increase in the 
lamellipodial extensions (Ai, Di). (B) Autocorrelation decays, fits (B, black line), and residuals (B, bottom), together with 
the corresponding distributions of diffusion time scales (C) obtained from maximum entropy method (MEM) analysis of 
the FCS data for the probe UTR-ABD in control (blue) and SMIFH2-treated (red) and CK-666–treated (green) cells. The 
slow–diffusion time scale component (∼10 ms; C, blue line) corresponds to the diffusion of the short actin pool, which 
disappears in SMIFH2-treated cells (C, green line). (D, E) We carried out FCS measurements on the flat membrane 
regions of cells expressing EGFP-FR-GPI and treated with SMIFH2 and CK-666 (confocal image in Di and Dii, 
respectively) across different temperatures. (E) EGFP-GPI exhibits temperature-dependent diffusion upon perturbation 
of formins with SMIFH2, whereas CK-666 treated cells show a characteristic temperature independence as in the control 
(DMSO vehicle treated). (F) Comparative analysis of Q10 shows a higher extent of the temperature dependence of 
GPI-anchored protein diffusion in SMIFH2-treated cells. Scale bar, 5 μm; data collected from 10−12 cells at each 
temperature for both the constructs from two experiments. Error bars represent SEs; **p < 0.01; ns, nonsignificant 
(t test compared with control).
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much larger spatial scale (compared with the sub–200 nm regime 
for the smallest spot size of FCS measurement. Moreover, FRAP re-
covery data indicates the extent of turnover, which includes both 
diffusion (via active driving and cage hopping) and binding/unbind-
ing or transient trapping events, as well as thermally driven motion. 

filaments in vitro (Sheetz et al., 1984) and the dynamic remodeling 
of GPI-anchored protein nanoclusters (Goswami et al., 2008), show 
temperature insensitivity above 24°C. We argue here that the ob-
served temperature independence of passive molecules reflects 
such active processes. This also explains why perturbations of cho-
lesterol (which couples the outer leaflet components to the actin), 
actin polymerization (latrunculin A), myosin activity (ML7+Y27 cock-
tail), and dynamic filament nucleator formin (SMIFH2) all affect the 
temperature independence of GPI-anchored protein diffusion.

There is a crossover from temperature-independent diffusion at 
small confocal spot sizes to temperature-dependent diffusion at 
larger spot sizes. How does our model of active driving by dynamic 
actin filaments account for this? From the discussion thus far, passive 
molecules will be subject to both active and thermal fluctuations. 
The relative contribution from the former is large 1) in regions where 
the concentration of polar and oriented dynamic filaments is high, 
that is, in the aster zone, and 2) over the scale of the filament that is 
advected, convolved with the binding and unbinding rates of the 
filaments with the passive molecules (Figure 8). This is the case 
when the FCS experiments are done using small confocal spot sizes, 
R. As R increases beyond a scale R0 (the aster zone), the contribution 
of the active fluctuations from dynamic cortical actin falls apprecia-
bly (Figure 8), and the relative contribution from thermal fluctuations 
starts to increase, leading to a crossover from “active” diffusion 
(temperature independent) to thermal diffusion (temperature de-
pendent). Moreover, at larger spot sizes, passive molecules can un-
dergo higher chances of cage hopping (Kusumi et al., 2012) that 
arise from the temperature-dependent fluctuations of the branched 
meshwork. Thus the effective diffusion of the molecules would also 
reflect overall temperature dependence at the larger spot size.

Along the same lines, prior FRAP (Kenworthy et al., 2004) and 
spatial-imaging FCS (Bag et al., 2014) studies on GPI-anchored pro-
teins and other diffusions showed a clear temperature dependence. 
This is contrary to what we see at the smallest confocal spot size. 
However, FRAP is often acquired by looking at the recovery of a 
bleached spot whose size ranges from 1 to 5 μm (Jacobson et al., 
1984; Kenworthy et al., 2004; Day and Kenworthy, 2012), whereas 
spatial FCS looks at spatial scales of ≥0.5 μm2 (Bag et al., 2014). 
Clearly, both techniques monitor diffusion and dynamics over a 

FIGURE 7:  Temperature-independent diffusion of GPI-anchored protein is not affected by actin mesh architecture. 
(A) Confocal image of NRK cell expressing EGFP-CD52-GPI (CD52). (B) Typical diffusion coefficients of CD52 measured 
across different temperatures at two confocal spot sizes, ω2 = 3 × 104 and 6 × 104 nm2. At the larger spot size, although 
we see a marked reduction of Dtypical values, there is a distinct crossover from a weaker temperature dependence at the 
smaller spot size (blue) to a distinct temperature dependence at the larger spot size (red), which is also reflected in the 
Q10 values at these two spot sizes (C). Scale bar, 10 μm. Data from at least 10−12 cells at each temperature from two 
experiments. Error bars are SEs; *p < 0.05 (t test).

FIGURE 8:  Schematic of FCS measurements on an active composite 
cell surface. The active composite model of the cell membrane explains 
how the diffusion of passive molecules can be driven by active 
fluctuations imparted by the cortical actin filaments. We study the 
tagged GPI-anchored proteins (green) on the outer leaflet of the 
plasma membrane (gray translucent sheet) at different confocal spot 
sizes, represented by the black and the blue dashed circles. According 
to the active composite cell surface model, the GPI-anchored proteins 
are driven by the fluctuating dynamics of the underlying cortical actin 
filaments (short red lines) in the presence of stable and slowly 
remodeling branched actin meshwork (long red rods) and exhibit active 
diffusion at long time scales (see Discussion and the Supplemental 
Material). The mean concentration of oriented polar actin filaments, 
CR (where R is the confocal spot size), is roughly constant over a scale 
(R0) and then decreases (inset, graph). This will result in crossover from 
temperature-independent active diffusion to thermal diffusion at larger 
spot sizes, which we observe. Suggestive scale bar, 100 nm.
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coefficient of passive molecules (this work), such as GPI-anchored 
proteins and TM-ABD, are independent of temperature in the physi-
ological range 24–37°C. These properties have important implica-
tions for chemical reactions and hence signaling at the cell surface 
(Chaudhuri et al., 2011). This is particularly significant because sev-
eral transmembrane signaling receptors (T-cell receptor, integrin re-
ceptors, epidermal growth factor receptor) either have direct links 
with actin or associate with protein domains (e.g., ezrin/radixin/
moesin proteins) that recruit filamentous actin (Doherty and McMa-
hon, 2008; Jaqaman and Grinstein, 2012). Signaling reactions in-
volving these receptors are likely to be buffered from temperature-
dependent diffusion by engagement with the dynamic cortical actin 
activity. This is guaranteed by having an active mechanism for mole-
cular organization at the cell surface.

MATERIALS AND METHODS
Plasmids, cell culture, and labeling
The following constructs were used (with references):

1.	 Human FR-GPI, described in detail earlier (Varma and Mayor, 
1998).

2.	 EGFP-GPI, a chimeric model GPI-AP, where the EGFP was fused 
to the GPI signal from FR-GPI (Sharma et al., 2004).

3.	 EGFP-CD52-GPI(CD52), a chimeric model GPI-AP, where the 
EGFP was fused to the GPI signal from CD52 (Greene et  al., 
2014).

4.	 TM-ABD/ABD*, a chimeric model transmembrane actin-bind-
ing/nonbinding probe, where the transmembrane form of the 
folate receptor is fused to a cytosolic actin-binding domain from 
ezrin (c-terminal ezrin ABD) or its mutant nonbinding counterpart 
(ABD*; Gowrishankar et al., 2012).

5.	 UTR-ABD, a EGFP fusion to utrophin actin-binding domain used 
for labeling of actin filaments (Burkel et al., 2007).

CHO cell lines stably expressing either GPI-anchored GFP 
(EGFP-GPI, GPI signal from FR-GPI), folate receptor (FR-GPI), and 
transmembrane (FR-TM-ABD/ABD*) constructs were maintained in 
Ham’s F12 medium (folic acid–free for FR-GPI; HiMedia, India) and 
imaged as described previously (Varma and Mayor, 1998).

Rat basophilic leukemia (RBL2H3) cells were cultured in DMEM-
GlutaMAX (Life Technologies, Carlsbad, CA) supplemented with 
15% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, 
GA). Jurkat T-cells were cultured in RPMI1640 medium (Life 
Technologies) supplemented with 1 mM sodium pyruvate (Cellgro, 
Manassas, VA), 100 μg/ml penicillin/streptomycin (Cellgro), and 
10% FBS (Atlanta Biologicals) and were imaged as described pre-
viously (Triffo et al., 2012; Lee et al., 2015). NRK fibroblast cells 
were maintained in Ham’s F12 medium as described previously 
(Fujiwara et al., 2002).

Cells expressing GFP-tagged membrane proteins were treated 
with 75 μg/ml cycloheximide for 3 h at 37°C to clear Golgi-associ-
ated fluorescence before imaging (Sabharanjak et  al., 2002). 
FR-GPI–expressing cells were labeled with fluorescent analogues of 
folic acid Nα-pteroyl-Nε-BodipyTMR-l-lysine (PLB) at the cell surface 
at saturating concentration (∼400 nM) on ice for 1 h. Transient trans-
fections reported here (for the constructs CD52 and UTR-ABD) were 
carried out ∼12−14 h before their preparation for the experiments. 
This ensured low levels of expression required for the FCS measure-
ments. The cells were transferred to prewarmed buffers (150 mM 
NaCl, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
[HEPES], 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.2–7.4) before 
being placed on a temperature-controlled microscope stage and 

Whereas active driving would confer temperature independence, 
the latter processes are thermally driven. Hence monitoring kinetics 
over larger length scales (as in FRAP/imaging-FCS) can outweigh 
the contributions from active driving. Moreover, the diffusion coef-
ficients monitored by spatial assays like FRAP and imaging-FCS are 
often lower in magnitude than those obtained from FCS.

In the context of the active actin membrane composite model, 
FRAP and imaging-FCS measurements would map dynamics over 
the scale R ≫ R0, and hence, as expected, the effective diffusion will 
have stronger contributions from thermal kicks, binding-unbinding 
to actin corrals, or partitioning into nanodomains, all of which are 
obviously temperature driven, in turn rendering the diffusion behav-
ior temperature dependent.

The configuration of cortical actin that is responsible for this tem-
perature-independent diffusion of GPI-anchored proteins is likely to 
be the dynamic short actin filaments juxtaposed to the inner mem-
brane leaflet and driven by myosin motors (see the Supplemental 
Material for further justification). The absence of any palpable effect 
upon inhibiting the branched actin nucleator Arp2/3 or by changing 
the actin mesh size leads us to conclude that the branched cortical 
actin mesh may not be responsible for imparting the active fluctua-
tions fueling the non-Brownian diffusion of GPI-anchored proteins at 
small observation spot sizes. Instead, the branched actin-meshwork 
density and architecture might regulate the effective diffusion coef-
ficient we obtain at the higher spot sizes (>200 nm). This can explain 
why we observe lower values of the diffusion coefficient of GPI-an-
chored proteins in NRK cells at the larger spot size (6 × 104 nm2). 
One plausible reason could be the intrinsic differences in the orga-
nization of actin meshwork/corrals between the CHO (or Jurkat 
cells) and the NRK cells. Although CHO (Murase et al., 2004) and 
Jurkat (Dustin and Davis, 2014) cells have been reported to exhibit 
smaller mesh sizes (<100 nm, considerably smaller than the FCS 
spot size), NRKs exhibit a much more complex nested meshwork, 
with compartments of ∼ 250 nm nested within larger, 750-nm actin 
structures (Fujiwara et al., 2002; Ritchie et al., 2003). At a spot size of 
6 × 104 nm2, the possibilities of encountering the nested branched 
actin network in NRK cells increase. The presence of these nested 
corrals can impede membrane diffusion in NRK cells to a larger 
magnitude than with CHO cells, leading to a markedly lower diffu-
sion coefficient.

Consistent with this, inhibition of the activity of myosin and actin 
polymerization renders the diffusion of passive molecules tempera-
ture dependent. This treatment also affects the value of the diffusion 
coefficient of inert molecules. This must reflect the fact that pertur-
bations of cortical actin and its activity must affect some global 
property, such as membrane tension, which could in turn alter mole-
cular diffusion on the membrane by changing the local environment 
of the tagged particle or the excess area stored in the short-wave-
length folds of the membrane.

The active composite cell membrane allows for both trapping 
and cage hopping arising from interactions of membrane compo-
nents with the long-lived branched actin mesh (reminiscent of the 
picket-fence model) and active driving of passive molecules by the 
dynamic actin filaments. The SPT and stimulated emission deple-
tion–FCS measurements (Fujiwara et al., 2002; Murase et al., 2004; 
Umemura et al., 2008; Mueller et al., 2011) were perfectly suited for 
detailed investigations of the former (also discussed in detail in the 
Supplemental Material). On the other hand, by identifying a distinc-
tive qualitative trend of passive molecular diffusion, namely its tem-
perature independence, our FCS studies have revealed the latter.

In conclusion, we see that both the nanocluster remodeling 
(Goswami et al., 2008; Gowrishankar et al., 2012) and the diffusion 
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readout) from the coverslips onto the basal membrane of the cells. 
Pinhole alignment was always done before initiating a day’s experi-
ment. The confocal spot size was calibrated each day of the experi-
ment by measuring the three-dimensional diffusion coefficient of 
rhodamine 6G (Sigma-Aldrich, St. Louis, MO) in water, for which the 
diffusion coefficient is known (Billaudeau et  al., 2013). For spot-
variation measurements, the confocal spot size was increased by 
reducing the width of the laser beam at the back-focal plane of the 
objective and calibrating the resultant confocal spot size as de-
scribed earlier. The laser power was titrated to ensure that triplet 
fraction stayed low (≤20%). Each measurement constitutes fluores-
cence intensity–time traces, typically collected over 10 s each. The 
intensity–time trace was autocorrelated in real time using the on-
board software correlator.

The data on intensity autocorrelation function G(τ) versus time τ 
were fitted to the conventional formula (Schwille et al., 1999) for the 
distribution of diffusing species, where Ai is the contribution of the 
ith component to the total amplitude of the autocorrelation function 
with the diffusion time scale τD
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To account for a possible triplet contribution, we use a multicom-
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where T is the average triplet fraction and τt is the triplet time scale. 
To allow for the possibility of anomalous diffusion, <δr2> ∼ tα, we use 
a generalization (Schwille et al., 1999; Banks and Fradin, 2005),
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To ensure a bias-free estimation of the number of diffusing com-
ponents, we use a fitting algorithm based on the maximum entropy 
method (MEM-FCS; Sengupta et al., 2003).

Although we expect the probes to yield single-component diffu-
sion at the cell surface, we often observe a fast-diffusing (t ≈ 0.3 ms) 
component arising from intracellular/luminal EGFP very close to the 
plasma membrane, especially for EGFP constructs (Supplemental 
Figure S4). To avoid any ambiguity, we fitted the entire data set to 
single-component or discrete multicomponent decay models, 
based on their MEM-FCS distribution profile. The goodness of the 
fits was judged based on the value of reduced χ2, evenly distributed 
residuals across the full extent of the data, and whether visual in-
spection of the fit accurately described the autocorrelation decay 
data. We extracted the diffusion time scales from all of the multiple 
iterations (∼6−10) and its repeats (n ≈ 10−15 cells at each tempera-
ture from two independent experiments) to calculate the diffusion 
coefficients. We then used this entire data set to generate a cumula-
tive frequency distribution of the calculated diffusion coefficient. We 
fit the distribution to an error function (cumulative normal distribu-
tion) to obtain a most probable value (or typical value) representing 
the typical diffusion coefficient, Dtypical, for each temperature 
(Supplemental Figure S1). The error bars signify the errors in the 
estimation of Dtypical. We computed the derivative of the best-fit 

imaged within 30 min. Temperature-sensitive measurements were 
done by using a microscope stage connected with a temperature 
controller (Polyscience, Niles, IL). The controller has both refrigerat-
ing and heating capacity, and the temperature of the stage was 
changed and maintained by circulating water at a defined tempera-
ture. The imaging dish (jacketed with a metal ring for better tem-
perature equilibration and heat distribution) was then placed on the 
stage and allowed to equilibrate for 5–10 min. After this, the bath 
temperature was monitored by a thermocouple needle probe 
(Physitemp Instruments, Clifton, NJ) placed in the buffer near the 
cells. The temperature variation was seen around ±0.5°C. A single 
experimental trial (and its repeats) included measurements at all four 
or five temperature points across 20–37°C on the same day, with a 
fresh batch of cells (control or perturbation) being used for each 
temperature.

Fluorescent lipid analogues and cell surface labeling
The following BODIPY-FL–conjugated lipid analogues (Life Tech-
nologies, Carlsbad, CA) were used: sphingomyelin (SM): C5-BODIPY 
FL-SM and C12-BODIPY FL-SM, chain-labeled; and phosphocholine 
(PC): C5-BODIPY FL-HPC and C12-BODIPY FL-HPC, chain-labeled.

Fluorescently labeled lipid probes were complexed with BSA 
(1:1 or 1:2) in a 0.5–1 μM solution and incorporated onto the CHO 
cell surface by incubating for 15–20 min on ice (Goswami et  al., 
2008; Lee et al., 2015). Postlabeling, excess lipid–BSA complex was 
removed, and the cells were washed thoroughly with cold HEPES-
based buffer to minimize the levels of freely diffusing probes in the 
medium before imaging. To avoid probe internalization, all of the 
FCS measurements were made within 30 min.

Treatments and pharmacological perturbations
Cholesterol depletions were carried out by treating the cells with 
10 mM methyl-β-cyclodextrin (MβCD) at 37°C for 30 min, followed 
by exogenous labeling of fluorescent probes. Stable membrane 
blebs for FCS measurements were generated by incubating the 
cells with 10% ethanol (vol/vol) in HEPES-based buffer for 15–
20 min at 37°C (Baumgart et al., 2007). Actin perturbations were 
effected by incubating the cells with actin-polymerization inhibitor 
latrunculin A (LatA) at 2 μM for 15 min before the FCS measure-
ments. To reduce myosin activity in the cells, we pretreated cells 
using a cocktail of inhibitors against the two myosin light chain 
kinases, ROCK (Y27 at 20 μM) and MLCK (ML7 at 20 μM), for 1 h 
at 37°C. Perturbation of formin activity was carried out by pre-
treatment of cells with the formin inhibitor SMIFH2 at 25 μM for 
2 h at 37°C. Arp2/3 activity was perturbed by treating cells with 
CK-666 at 50 μM for 2 h at 37°C. Unless otherwise mentioned, 
inhibitors with reversible effects were maintained in the buffer dur-
ing the imaging and measurements.

FCS instrumentation and analysis
FCS measurements were made on cells (Kim et al., 2007) expressing 
EGFP-tagged probes or labeled with fluorescent analogues as men-
tioned, using either the ConfoCor 2 module on a Zeiss 510 Meta 
NLO (Carl Zeiss) or gallium arsenide array detectors on a Zeiss 780 
(Carl Zeiss) confocal microscope. The cells were imaged with the 
488-nm laser illumination using a 40×/1.2 numerical aperture water-
immersion lens using the descanned PMT detectors in the confocal 
scan head. Manually selected regions close to the cell periphery or 
lamellum were moved to the center of the field. The laser beam for 
FCS overfills the back-focal plane of the objective to form a diffrac-
tion-limited confocal volume and was parked at the center of the 
field at a specified z-distance (dictated by high counts per molecule 
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error function to obtain a Gaussian that describes the original 
distribution and estimated its width, σ. The error of estimation of 
this mean can be obtained by dividing σ by the square root of total 
number of data points (n) or the SE. We plotted this error along with 
Dtypical. This was done because fitting the cumulative frequency dis-
tribution data to an error function provides a more accurate esti-
mate of Dtypical. We displayed the raw data for representative FCS 
curves under different conditions and the fits to the same with re-
siduals (Supplemental Figure S5). The FCS diffusion law scaling–
type analysis of the EGFP-GPI data at 37°C (Supplemental Figure 
S6) showed a positive y-intercept, as reported earlier (Lenne et al., 
2006), suggesting nanoscale domain–partitioned diffusion of 
GPI-APs.

Quantification of the extent of temperature variation
Temperature coefficient, Q10.  Because of the slight scatter in the 
D versus T data, we used the temperature coefficient, Q10, as a 
quantitative measure of the extent of temperature dependence. 
Q10 is a measure of the rate of change of a biological or chemical 
process due to increase in temperature by 10°C. This has been 
successfully used to monitor the temperature dependence of 
membrane diffusion (Wey et al., 1981). We computed Q10 using the 
formula
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where D37 and D20 correspond to Dtypical at 37 and 20°C, 
respectively.

The errors in Q10 were propagated from the errors in Dtypical 
(at 20 or 37°C) in accordance with the standard rules of error 
propagation (Taylor, 1997). The Q10 values and their differences 
(between control and perturbation scenarios) were compared for 
statistical significance by t test (unpaired with Welch’s correction) 
or one-way analysis of variance (ANOVA) with Tukey’s mean com-
parison tests using GraphPad Prism 6 (GraphPad, La Jolla, CA). 
A detailed description of the statistical data is presented in Sup-
plemental Table S2, and individual plots show the statistical 
significance.

Analysis of local slope.  We also analyzed the local slopes of the D 
versus T plot. We did this by using a piecewise cubic interpolation, 
SPLINE, or PCHIP routines in Matlab (MathWorks, Natick, MA), but 
we prefer the last, since the monotonicity property of PCHIP is more 
desirable than the smoothness property of SPLINE. We then plotted 
the local slopes as a function of T. When the slopes were consistently 
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temperature- independent diffusion. Examples of the analysis of 
local slopes are presented in Supplemental Figure S7.

Statistical comparison of overall linear slope.  This was done by 
linear regression analysis and fitting of the D versus T plot using 
GraphPad Prism 6. A linear fit of the data yields the overall (global) 
slope for any given condition. A temperature-independent 
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value is expected to be statistically insignificant compared with a 
0 slope. For temperature- dependent cases, the slopes are expected 
to show statistically significant differences when compared with 0. 
The data from this type of analysis, presented in Supplemental Table 
S3, complement and corroborate the Q10 data.
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