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ABSTRACT Confined diffusion of membrane receptors and lipids can result from intramembrane barriers, skeletal interactions,
rafts, and other phenomena. We simulated single-particle diffusion in two dimensions in an arbitrary potential, V(r), based on
summation of random and potential gradient-driven motions. Algorithms were applied and verified for detection of potential-driven
diffusion, and for determination of V(r) from radial particle density distributions, taking into account experimental uncertainties
in particle position and finite trajectory recording. Single-particle tracking (SPT) analysis of the diffusion of cystic fibrosis tran-
smembrane conductance regulator (CFTR) Cl� channels in mammalian cells revealed confined diffusion with diffusion coefficient
;0.004 mm2/s. SPT data fitted closely to a springlike attractive potential, V(r)¼ kr2, but not to other V(r) forms such as hard-wall or
viscoelastic-like potentials. The ‘‘spring constant’’, k, determined from SPT data was 2.6 6 0.8 pN/mm, and not altered significantly
by modulation of skeletal protein architecture by jasplakinolide. However, k was reduced by a low concentration of latrunculin,
supporting the involvement of actin in the springlike tethering of CFTR. Confined diffusion of membrane proteins is likely a general
phenomenon suitable for noninvasive V(r) analysis of force-producing mechanisms. Our data provide the first measurement of
actin elasticity, to the best of our knowledge, that does not involve application of an external force.

INTRODUCTION

Single-particle tracking (SPT) allows tracking of the micro-

scopic motions of membrane proteins and lipids in living

cells. SPT involves the selective labeling of proteins or lipids

with fluorophores, such as quantum dots (Qdots), green

fluorescent protein, or organic dyes (e.g., cyanine dyes), or

probes visible with transmitted light (gold or latex beads),

such that particle position can be measured with nanometer

spatial and submillisecond temporal resolution using suitable

camera detectors. Compared to ensemble-averaged methods

to measure diffusion, such as fluorescence recovery after

photobleaching and fluorescence correlation spectroscopy,

SPT provides single-molecule information about the move-

ments of many particles in an observation area with greater

spatial resolution (1,2).

SPT is being used increasingly in living cells in which

particle diffusion is often complex because of the presence of

barriers (3–8), lipid rafts (9–12), intermolecular interactions

(12,13), molecular crowding (14,15), and heterogeneity in

membrane physical properties (16), as well as combinations

of obstacles such as barriers and rafts (17). Confined dif-

fusion has been seen for a variety of membrane proteins,

such as components of the immunological synapse including

Lck (an Src family tyrosine kinase), LAT (an adaptor protein

that binds SH2 domain proteins upon T-cell activation), and

CD2 (a protein involved in cell-cell adhesion) (12), synaptic

receptors for glutamate and glycine (18–22), and, more re-

cently, the epithelial cystic fibrosis transmembrane conduc-

tance regulator (CFTR) Cl� channel (13). Confined diffusion

can result from a number of distinct physical mechanisms

with quite different biological implications, such as physical

barriers, tethering to fixed or relatively immobile skeletal

elements, multimolecular complexation, and percolation in

highly crowded media. SPT analysis of confined particle mo-

tion has been done largely by computation of mean-squared

displacement (MSD) versus time relations, which provide

information about diffusion coefficients and apparent con-

finement volumes, but not about confinement mechanisms.

Some of these limitations of SPT are addressed by newer

analysis methods such as particle spatial distribution analysis

(23–25). Mechanical properties of membrane-associated

proteins, which have not previously been measured using

SPT, have been measured by applying external force using

laser tweezers (4,26–28). Laser tweezers allows measure-

ments of barrier free length and the forces required to move

proteins in membranes (4,26). Particle tracking with optical

tweezers has been used to estimate trapping potentials based

on solution of the Boltzman distribution (27–29).

From these considerations it follows that information

about the physical, force-producing mechanisms responsible

for confined diffusion should be contained in single-particle

trajectories, without the need to apply external forces. For

example, confinement resulting from physical barriers within

membranes would be describable by a ‘‘hard-wall’’ potential,

whereas ‘‘softer’’ potentials would describe confinement re-

sulting from springlike or viscoelastic-like particle tethering
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to relatively immobile structures such as the cytoskeleton.

For this purpose mathematical methods were used to simu-

late confined single-particle diffusion in a potential and

to deduce the potential function from experimental SPT

data. Our approach was validated and applied to the analysis

of confined diffusion of CFTR Cl� channels in cell mem-

branes. Our data demonstrate the ability to distinguish barrier

from tethering mechanisms using experimental SPT data,

and they indicate springlike tethering of CFTR by the actin

cytoskeleton.

METHODS

SPT simulations

The diffusion of particles in a potential can be simulated by Brownian dy-

namics methods (24,30). The displacement at each time step was determined

as the sum of displacements from random diffusion and potential-driven

motion. Noninteracting, point particles were placed at random positions

initially. At each time step, x and y displacements from random diffusion

were sampled from a Gaussian distribution with zero mean and standard

deviation, (2DDt)1/2, where the D is diffusion coefficient and Dt is the time

step between two successive frames. We considered four different po-

tentials: 1), ‘‘hard-wall potential’’, where particles are confined by an im-

permeable wall; 2), ‘‘spring potential’’, where particles are tethered to a

springlike force-producing mechanism; 3), ‘‘cone potential’’, where parti-

cles are trapped by softer, viscoelastic-like potential; and 4), ‘‘r4 potential’’,

which is harder than a spring potential but softer than a hard-wall potential,

VðrÞ ¼ 0ðr , rcÞ and Nðr $ rcÞ; hard-wall potential (1)

VðrÞ ¼ V0r
2
; spring potential (2)

VðrÞ ¼ V0r; cone potential (3)

VðrÞ ¼ V0r
4
; r

4
potential; (4)

where V(r) is the potential function, r is the radius from the potential origin,

V0 is the potential strength, and rc is the radius of confinement for a hard-wall

potential.

The V(r)-driven displacement vector for time-step Dt was derived from

the spatial derivative of V(r), Dr ¼ vDt ¼ FDt/j ¼ –Dt 3 dV(r)/dr, where F

is the force on the particle, v is particle velocity, and j is the friction

coefficient (24,30). Net particle displacement was determined as the sum of

V(r)-driven and random particle displacements. For some computations,

diffusion coefficient, D, and potential strength, V0, were adjusted to give

similar MSD versus time plots for each V(r) (Fig. 1, see legend for param-

eters). The ‘‘frame rate’’ for computations was 10 Hz. Computed trajec-

tories were recorded over .300 s after ‘‘warm-up’’ to ensure steady state.

The simulation was written in Matlab 7.2 (Mathworks, Natick, MA) and run

on a PC.

V(r) determination from SPT

The radial particle density distribution, d(r), was used to determine V(r) from

serial x,y coordinates in individual trajectories:

dðrÞ ¼ NðrÞ=p½ðr 1 Dr=2Þ2 � ðr � Dr=2Þ2�; (5)

where r is the radial distance from the origin, Dr the distribution resolution,

and N(r) the number of particles with radial distance, rp, in the range

r � Dr=2 # rp, r 1 Dr=2. d(r) was normalized by d(0) for nonlinear least-

squares regression of Boltzmann distribution functions.

MSD for individual trajectories was computed as described (31,32),

MSDðnDtÞ ¼ 1

ðN � 1� nÞ +
N�1�n

j¼1

½xðjDt 1 nDtÞ � xðjDtÞ�2
�

1½yðjDt1nDtÞ � yðjDtÞ�2g; (6)

where x(t) and y(t) are the particle positions at time t, N is the total number of

frames, n is the number of time intervals, and j is a positive integer. The

diffusion coefficient of each trajectory was estimated from the slope of MSD

versus time plots, slope ¼ 4DDt, obtained as linear fit to the first three time

points of MSD plots. We refer to the diffusion coefficient, which is estimated

by this method as D1–3. For a 2-dimensional circular confined system, the

MSD versus time plot saturates to r2
c , with confinement size

ffiffiffiffiffiffiffiffiffiffiffiffi
MSDp

p
, where

the MSDp is the MSD value at plateau in the MSD plot (1). The mean MSD

at Dt¼ 5–6 s was taken as MSDp. tp was defined as the time to reach plateau

in the MSD plot.

SPT instrumentation and data acquisition

SPT was done as described in Haggie et al. (13) using a Nikon Eclipse

TE2000U inverted epifluorescence microscope (Nikon, Tokyo, Japan)

equipped with an Exfo X-Cite light source (Exfo, Quebec City, Canada),

Nikon 1003 TIRF oil immersion objective (numerical aperture 1.45), and

Hamamatsu EM-CCD deep-cooled camera (Hamamatsu, Hamamatsu City,

Japan). Qdot fluorescence was excited using a 420/403 excitation filter and

470DCXR dichroic mirror, and detected through a 655/40m emission filter

(Chroma, Rockingham, VT). Data were obtained within 10 min of the final

wash step after cell labeling. SPT was done using continuous 15-ms

acquisitions for 20 s (62.5 frames/s). The spatial resolution of the system,

determined as the standard deviation of ‘‘trajectories’’ obtained for immo-

bilized Qdots on coverslips, was 20 nm (33). Image sequences were ana-

lyzed and trajectories constructed using IDL software (Research Systems,

Boulder, CO) with algorithms available as shareware at http://www.physics.

emory.edu/faculty/weeks/. Extracted trajectories were at least 6 s in duration,

and intermittency (blinking) of Qdot fluorescence was used to verify that

FIGURE 1 Simulation of confined diffusion in a potential, V(r). (A)

Profiles of the four potential functions used in this study. (B) MSD versus

time plots. (C) Representative single-particle trajectories shown in order of

decreasing steepness of potential. White circles denote the potential center of

each trajectory. Parameters: hard-wall potential, D ¼ 0.012 mm2/s, rc ¼
0.347 mm; spring potential, D ¼ 0.010 mm2/s, V0 ¼ 0.17; cone potential,

D¼ 0.012 mm2/s, V0¼ 0.123; r4 potential, D¼ 0.011 mm2/s, V0¼ 0.99; for

all computations, frame rate was 10 Hz with .4000 time steps sampled.
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single fluorophores were analyzed. For V(r) analysis, although the analysis

algorithms largely accounted for Qdot blinking, in some cases continuous

trajectories were generated by manual linkage of shorter trajectories.

SPT measurements of CFTR diffusion

Cells lines used in this study express engineered CFTR constructs containing

an external triplet hemagglutinin (HA) epitope tag in the fourth extracellular

loop (CFTR-3HA), as described (13,34). Virally infected MDCK II (35)

cells expressing CFTR-3HA were maintained in DMEM-H21 containing

10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 1 mg/ml G418.

COS7 cells were grown in DMEM H21 supplemented with 5% FBS, 100 U/

ml penicillin, and 100 mg/ml streptomycin, and transfected with plasmid

expressing CFTR-3HA using Lipofectamine 2000 (Invitrogen, Carlsbad,

CA). MDCK II cells were also transfected with plasmid expressing CFTR-

3HA-D26, a CFTR mutant that lacks its PDZ-binding domain, using JetPEI

(Polyplus Transfection). Cells were grown at 37�C in a 5% CO2/95% air

atmosphere and plated on 18-mm glass coverslips 2–3 days before

experiments. CFTR-3HA at the cell surface was selectively labeled with

Qdots after an initial blocking wash (PBS containing 6 mM glucose, 1 mM

pyruvate, and 1% BSA, 5 min) by sequential room-temperature incubations

with anti-HA antibody (Covance HA.11 mouse monoclonal antibody, 5–7

min, 0.05–0.1 mg/ml), goat antimouse biotin-SP-conjugated AffiniPure Fab

fragment (Jackson ImmunoResearch, 5–7 min, 0.05–0.1 mg/ml), and 655

nm streptavidin-conjugated Qdots (2 min, 0.1 nM; Quantum Dot, Hayward,

CA), in PBS containing 6 mM glucose and 1 mM pyruvate (PBS gluc/pyr).

Cells were washed with PBS gluc/pyr three times between incubations and

6–10 times after Qdot incubations. For SPT measurements, coverglasses

containing labeled cells bathed in PBS gluc/pyr were mounted in a custom

chamber maintained at 37�C. In some experiments cells were treated with

jasplakinolide (2.5 mM, 5–10 min) or with a low concentration of latrunculin

(250 nM, 5–10 min), with the same compounds included in the bathing

solution during tracking measurements. For experiments on fixed cells,

proteins were chemically cross-linked with 4% paraformaldehyde for 30

min, washed three times in PBS, and labeled with Qdots using the same

procedure as described above. For all maneuvers, data was obtained from

10–16 cell regions.

RESULTS

Particle density distributions

Fig. 1 A shows the four V(r) functional forms used in the

computations, with MSD versus time plots shown in Fig.

1 B, and representative trajectories of individual particles

shown in Fig. 1 C (trajectories of particles in hard-wall and

spring potential are available in Supplementary Material,

Movies 1 and 2). As shown in Fig. 1 B, diffusion coefficient

and potential strengths can be chosen so that the plots of

MSD versus time are indistinguishable on the scale of the

figure, implying that different V(r) cannot necessarily be

distinguished in MSD plots. However, examination of tra-

jectories (Fig. 1 C) shows that the different V(r) produces

different radial particle densities. The hard-wall potential is

clearly distinguished from others because particle positions

are evenly distributed over the confined region and the edge

of the circular confinement area is well-demarcated. For the

three non-hard-wall potentials, particle positions were dis-

tributed nonuniformly, with greater density near the centers

of the trajectories. This tendency was less for the r4 potential,

which is more similar than the others to the hard-wall poten-

tial. These simulations suggest that useful information about

V(r) for confined diffusion is contained in radial particle

density distributions.

Fig. 2 shows normalized radial particle density distribu-

tions (d(r)/d(0), open circles), defined by Eq. 5, for each of

the four V(r). As expected, the d(r) functional forms were

quite distinct for each V(r). In multiparticle systems, particles

are generally distributed according to the Boltzmann distri-

bution (24,28,29,36,37),

dðrÞ ¼ dð0Þexpð�VðrÞ=kBTÞ; (7)

where kB is the Boltzmann constant (1.38 3 10�23 m2 kg/

s2K) and T is absolute temperature. As shown in Fig. 2,

simulated d(r)/d(0) were in good agreement with Boltzmann

distributions for each V(r) (solid lines). For these computa-

tions the diffusion coefficient and potential strength were ad-

justed to make the MSD versus time plots nearly identical.

Additional computations confirmed that d(r)/d(0) distribu-

tions can distinguish potentials for identical diffusion co-

efficients and potential strengths. Therefore, V(r) can be

computed from the d(r) deduced from SPT data (28,29,36,37).

Theoretical considerations for determination of
V(r) from experimental SPT data

Several sources of error in real experimental data could

influence d(r) and, hence, V(r) determination. Using the

simulation methods developed here, we have modeled the

three main sources of error, including: 1), uncertainty in

particle centroid position (spatial resolution); 2), uncertainty

in potential center position; and 3), finite measurement time.

Simulations were done using the spring potential (V(r) �
r2). Uncertainty in particle centroid was simulated by adding

FIGURE 2 Normalized radial particle density functions, d(r)/d(0). Open

circles represent d(r) computed from simulations, and solid lines denote the

Boltzmann distribution functions, expð�VðrÞ=kBTÞ.
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random errors to the trajectories, sampled from normal dis-

tributions with zero mean and standard deviation serr. Fig. 3

A (left) shows radial density distributions, d(r)/d(0), with

four different centroid position errors (including zero error).

Increasing centroid error does not affect the shape of the

distribution, expð�Cdr2Þ, where Cd is the density distribu-

tion coefficient, but produced broader d(r) with smaller

Cd. The potential strength can be estimated from Cd ¼
V0/kBT. Fig. 3 A (right) shows the effect of centroid position

error (serr/rc) on the error in deduced potential strength,

V0/V0,exact.

Error in potential center position arises because the real r¼
0 position of V(r) is not known in an experimentally measured

particle trajectory. This type of error is minimized when large

numbers of particle positions are contained in individual

trajectories. Potential center position error was modeled by

changing the total tracking time of individual particles, which

is equivalent to changing the number of particle positions that

are averaged to determine centroid position. Fig. 3 B (left)
shows that increased tracking time (expressed as multiples of

tp) produces more narrow d(r)/d(0), with shape closer to that

for the ‘‘exact’’ simulated case with no centroid error. Fig. 3 B
(right) shows the error in potential strength as a function of

t/tp, which asymptotically approaches zero (V0/V0,exact¼ 1) for

infinite tracking time. An error of ,10% requires particle

tracking for a time of at least 5tp.

Errors from finite tracking time result from a ‘‘non-steady-

state’’ d(r) in which individual particles have not adequately

sampled their confinement area. In the limit that tracking

time is short compared with time to reach a plateau in MSD

analysis, d(r) is similar to that for (unconfined) Brownian

diffusion. Fig. 3 C (left) shows d(r)/d(0) for confined diffu-

sion in a spring potential (open circles) and for Brownian

diffusion (solid lines). For Brownian diffusion, the center of

the trajectory for computation of d(r) was defined by mean

particle x and y positions. Notably, d(r) for simple Brownian

diffusion was similar to that for confined diffusion in a spring

potential for the case of 0.2tp. However, differences in d(r)

became evident as tracking time increased. Fig. 3 C (right)
shows the density distribution coefficient, Cd, for confined

diffusion in a spring potential and for Brownian diffusion. As

tracking time was increased, Cd for Brownian diffusion

decreased more rapidly and the differences in Cd increased.

Fortunately, if the tracking time is long enough to measure

the potential center position accurately (.5tp), the differ-

ences in Cd are large. However, Fig. 3 C (left) indicates that

FIGURE 3 Theoretical considerations for V(r) analysis

from experimental SPT data. (A) Error from uncertainty

in particle centroid position (spatial resolution). Radial

density distributions, d(r)/d(0), without and with three

amounts of centroid position error (left). Effect of centroid

position error on the error in potential strength, V0/V0,exact

(right). (B) Error from uncertainty in potential center

position. d(r)/d(0) for different tracking times, tp (left).

Error from finite tracking time on the overestimation of

potential strength, V0/V0,exact (right). (C) Error from finite

measurement time. d(r)/d(0) for confined diffusion in a

spring potential, as well as unconfined Brownian diffu-

sion with different tracking times (left). Symbols and solid

lines represent confined diffusion in a spring potential and

Brownian diffusion, respectively, with colors representing

the tracking time (blue, 0.2tp; green, 0.5tp; orange, tp).

Density distribution coefficients, Cd, for confined diffusion

in a spring potential (circle) and Brownian diffusion

(triangle), for different tracking times (right).
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d(r) shape is nearly indistinguishable for Brownian diffusion

versus confined diffusion in a weak spring potential. Com-

putation of MSD is thus needed to verify confined diffusion

before V(r) analysis is undertaken.

These simulations provide a prescription to determine V(r)

from SPT data, as was used for analysis of CFTR SPT data in

the next section. MSD analysis for individual trajectories is

done initially to compute diffusion coefficient and to confirm

confined diffusion and adequate tracking time. If a trajectory

is judged to be acceptable for V(r) analysis based on these

criteria, then the center of the potential (r ¼ 0 location) is

computed for calculation of d(r). The possible influence of

errors in particle centroid and trajectory center is considered

according to the simulations in Fig. 3. Finally, V(r) is com-

puted from d(r) using Eq. 7.

Confined membrane diffusion of
CFTR Cl� channels

We previously investigated the diffusion of CFTR in several

cell lines, including airway epithelial cells, and reported

highly confined CFTR diffusion in the plasma membrane

(13). The CFTR interactions that result in its near immo-

bilization are depicted in Fig. 4 A (upper), and include

interaction of the CFTR C-terminal region (PDZ-binding

domain) with PDZ domain binding protein EBP50, and then

with ezrin and the actin cytoskeleton.

To obtain experimental SPT data for V(r) analysis of

CFTR diffusion, externally epitope-tagged CFTR was labeled

with Qdots using a primary antibody, a secondary biotiny-

lated Fab fragment, and streptavidin conjugated Qdots. This

labeling method produced highly selective Qdot labeling of

CFTR as seen by the absence of nonspecific labeling in

identically treated nontransfected cells (Fig. 4 A, lower). Our

previous analysis indicated that this labeling strategy does

not cross-link CFTR in a manner that alters its diffusion,

since similar diffusion was found for CFTR labeled with

monomeric Fab fragments against the HA-epitope or with

primary Fab fragments and Cy3-labeled secondary Fab frag-

ments (13). Also, several maneuvers (actin disruption by

high concentrations of latrunculin, CFTR overexpression,

expression of dominant negative mutants of EBP50) greatly

increased the mobility Qdot-labeled CFTR, indicating the

absence of large-long crosslinking effects (13).

CFTR diffusion was measured using continuous imaging

with 15-ms acquisitions (see Supplementary Material, movie

3). Representative trajectories for CFTR-3HA diffusion in

the plasma membrane of MDCK cells are shown in Fig. 4 B
(upper). Similar trajectories were seen in other transfected

cell types, including COS7 fibroblasts (Fig. 4 B, middle) and

BHK fibroblasts (data not shown). For comparison, ‘‘trajec-

tories’’ for immobilized Qdots are shown in Fig. 4 B (lower).

The uncertainty in defining the Qdot centroid, which is

related to the fluorescence signal, defines the spatial reso-

lution of the system (33,38). Trajectories are also shown for

paraformaldehyde-fixed cells that were subsequently labeled

with primary antibody, secondary biotinylated Fab fragment,

and streptavidin conjugated Qdots (Fig. 4 B, lower).

Trajectories from fixed cells were similar to those for

immobilized Qdots, indicating that ‘‘molecular flexibility’’

of the labeling complex has little influence in derived tra-

jectories. The MSD analysis in Fig. 4 C indicates confined

FIGURE 4 Tracking of CFTR diffusion in cell membranes. (A, upper) Schematic of CFTR in the plasma membrane showing its C-terminal PDZ binding

domain, the PDZ-domain protein EBP50, the actin-binding protein ezrin, and the actin cytoskeleton. The location of the epitope (3HA) in the fourth extracllular

loop is also shown. (A, lower) Fluorescence micrographs of MDCK cells stably expressing CFTR-3HA (left) and nontransfected control cells (right), labeled with

anti-HA antibody, secondary biotinylated Fab fragment, and streptavidin-conjugated Qdots. Image acquisition time was 15 ms, as used in SPT measurements. (B)

Representative trajectories for CFTR-3HA diffusion in the plasma membrane of MDCK cells (upper) and COS7 fibroblasts (middle). Total trajectory time .12 s.

For comparison, trajectories of immobilized Qdots and for parformaldehyde-fixed cells are shown (lower), acquired using the same parameters as for live cells.

Scale bar applies to all trajectories. (C) MSD versus time plots for CFTR-3HA in MDCK cells (solid line), immobilized Qdots (dotted line), and CFTR mutant

CFTR-D26 that lacks its C-terminal PDZ binding domain (dashed line). Plots are averaged for 16–38 individual trajectories.
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CFTR diffusion. For comparison, MSD analysis for immo-

bilized Qdots is shown, as well as that for nonconfined

diffusion of CFTR-3HA-D26, a mutated CFTR that lacks its

C-terminus PDZ-binding domain.

Fig. 5 A gives four examples of particle positions for

individual CFTR trajectories, shown as dots, and corre-

sponding normalized radial particle density distributions,

d(r)/d(0) (open circles). These trajectories appear to be

confined, as verified by MSD analysis. Solid lines show very

close regressions to each of the distribution functions to a

spring potential, dðrÞ=dð0Þ ¼ expð�Cdr2Þ. Fig. 5 B shows

the mean d(r)/d(0) from 65 trajectories of different CFTR

molecules, each of which was confirmed by MSD analysis as

undergoing confined diffusion. The solid line is the best fit to

the spring potential, which is clearly superior to fits to the

cone and r4 potentials (dashed lines), and hard-wall potential

(not shown). Fig. 5 C shows histograms of spring constant

(k ¼ 2V0), confinement radius rc (defined as rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
MSDp

p
),

and diffusion coefficient D1–3 (see Methods). The average

value of the spring constant, k, was 2.6 6 0.8 pN/mm, which

is in the range 2.4–10 pN/mm reported previously for skeletal

interactions by optical trap methods (27,28).

Fig. 5 D gives additional examples of CFTR particle

positions and radial density functions, but after cell treatment

with a low concentration of latrunculin to partially disrupt

the actin cytoskeleton. Of 64 trajectories analyzed, ;40%

showed relatively ‘‘looser’’ distributions, as seen for the two

examples at the top. Fig. 5 E summarizes averaged radial

distribution functions for CFTR from many latrunculin-

treated cells, as well as cells treated with jasplakinolide, an

agent that promotes actin polymerization (39). Compared to

control (untreated) cells, the spring potential fit to latrunculin-

treated cells gave an ;25% lower spring constant, k, for

trajectories showing ‘‘looser’’ distributions. There was no

significant effect of jasplakinolide, suggesting that although

this compound dramatically alters the macroscopic proper-

ties of the actin cytoskeleton (39), the properties of short

actin branches that interact indirectly with CFTR are not

changed. The MSD analysis in Fig. 5 F shows greater CFTR

range in latrunculin-treated versus control cells.

DISCUSSION

Our studies utilize particle spatial distributions to extend the

information available from SPT measurements of confined

diffusion. The deduced energy potential, V(r), provides a

quantitative description of the forces (proportional to dV(r)/

dr) encountered by a diffusing particle in its confinement

zone. We considered four biologically relevant forms of

V(r), including a hard-wall potential representing membrane

‘‘corrals’’, barriers, or nonelastic tethering (2,5,32,40,41), a

spring potential representing tethering with a springlike

force-producing mechanism (28,37,42), a cone potential

representing a nonlinear elastic force-producing mechanism,

as can be seen in complex biopolymer networks (43,44), and

an r4 potential. We found that the major biologically relevant

forms of V(r) are readily distinguishable using the analysis

approach developed here. V(r) of arbitrary functional form

can thus be deduced from SPT data for permanently or

transiently confined diffusion.

As described in many previous studies (24,28,29,36,37),

V(r) can be deduced from d(r) by thermodynamic Boltzmann

considerations, as confirmed in simulations of diffusion in

FIGURE 5 Determination of V(r) for confined dif-

fusion of CFTR. (A) Particle positions and correspond-

ing d(r)/d(0) for four CFTR molecules. Solid lines

represent best fits to the distribution function for a

spring potential. (B) Mean d(r)/d(0) from 65 trajecto-

ries of individual CFTR molecules. Best fits to dis-

tribution functions for indicated potentials are shown.

For the spring potential, k ¼ 2.6 6 0.8 pN/mm. (C)

Histograms of distribution coefficient k, confinement

radius rc, and diffusion coefficient D1–3. (D) Particle

positions and corresponding d(r)/d(0), as in A, for

CFTR after treatment of cells with a low concentration

of latrunculin. (E) Mean d(r)/d(0) and best fits to spring

potential shown for control cells (same data as in panel

B), and cells treated with jasplakinolide (k ¼ 2.4 6 0.8

pN/mm, 42 trajectories) or latrunculin (k ¼ 1.9 6 0.6

pN/mm, 27 trajectories). (F) MSD plot for control

versus latrunculin-treated cells.
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defined V(r). Our simulation approach involved vectorial

summation of Brownian and potential-driven particle dis-

placements in two dimensions. The simulation allowed

examination of the requirements and limitations of V(r)

analysis from SPT trajectory data. The key requirements for

meaningful V(r) determination include adequacy of the

statistics and spatial/temporal resolution of the SPT mea-

surement, and verification that trajectories included in the

V(r) analysis represent bona fide confined diffusion. Our

analysis indicated that spatial (x,y) resolution is generally the

most important source of error for potential strength mea-

surement. Our experimental data for CFTR showed strong

confinement with a very small radius, rc, of ;60 nm (Fig. 5 C,

middle). As shown in Fig. 4 B, even though our SPT mea-

surement had good spatial resolution (serr ¼ 20 nm), the

normalized uncertainty in centroid, serr/rc, is ;0.33, indi-

cating that the spring constant could be underestimated by

up to 30%. Correcting for this error, the spring constant

becomes 3.6 6 1.1. To achieve 90% accuracy of the spring

constant, the spatial resolution should be ,10 nm in this

system. According to Fig. 3 B, the measurement time should

be long enough (.5tp) to avoid significant error, which was

not a problem in the CFTR system. Adequate numbers of

particle positions per trajectory (generally .400) are re-

quired to construct well-resolved d(r) (and deduced V(r)),

both for accurate centroid determination and for narrow

binning. Finally, only trajectories showing clear confinement

by MSD analysis are suitable for d(r) and V(r) determination.

In addition to downward curvature and approach to constant

MSD, data collection over a time much greater (generally

more than five times) than the ‘‘time’’ for MSD saturation is

required to ensure a fully developed, steady-state d(r).

We found that CFTR motion is sufficiently confined to

allow for meaningful analysis of V(r). Whereas CFTR shows

long-term confinement (timescales greater than seconds),

some membrane constituents show transient confinement.

Phospholipids display ‘‘hop diffusion’’ characterized by

periods of free diffusion (termed Dmicro) in putative actin-

demarcated membrane compartments interspersed by ‘‘hops’’

between compartments (2,33). The data of Kusumi and co-

workers indicating transient confinement of phospholipids at

25 ms resolution is suitable for V(r) analysis, since confine-

ment is seen for ;10 ms (i.e., 400 data points) in areas of

230-nm diameter (.14 times the 17-nm optical resolution of

their system at 25 ms (33)). V(r) analysis should also be

suitable for the m-opioid receptor, a G-protein-coupled

receptor, based on published results acquired at 40 kHz (45

ms residency, 210 nm confinement zone (45)). The possible

finding of a hard-wall potential in these systems would

provide support for the hypothesis that actin and associated

proteins form a picket fence in the plasma membrane (46).

V(r) analysis may also be useful to analyze the motions of a

variety of neuronal receptors (20), including the a-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor (47)

and the glycine receptor (21), both of which demonstrate

transient confinement. The applicability of V(r) analysis

depends on many factors, including, but not limited to,

compartment size, duration of confinement, temporal and

spatial resolution, and duration of data acquisition.

In this study, we assumed circular symmetry for compu-

tations and analysis of confined diffusion in a potential.

Preliminary inspection of CFTR trajectories indicated that

the vast majority had grossly circular symmetry, which

directed the analysis methods of our study. The conclusion

that CFTR is ‘‘tethered’’ and not ‘‘corralled’’ is consistent

with circular symmetry. There are likely instances where

circular symmetry is not valid, as reported by Morone et al.

(46), in which case the analysis methods developed here

would require modification.

SPT analysis of confined diffusion was applied to de-

termine apparent V(r) for diffusion of CFTR Cl� channels at

the cell plasma membrane. The CFTR protein is a 1480-

amino acid, cAMP-regulated Cl� channel expressed in the

apical membrane in many epithelial cell types, which when

mutated can cause the genetic disease cystic fibrosis. Inter-

actions between the intracellular C-terminus of CFTR (a

class I PDZ (PSD95/Dlg/ZO-1) binding domain) and PDZ

domain binding proteins, such as EBP50/NHERF1, have

been reported (reviewed in (48)). Association between the

CFTR C-terminus, EBP50, ezrin, and the actin cytoskeleton

has been proposed to physically tether CFTR. We recently

found direct evidence for these interactions in living cells

(13), in which CFTR diffusion was highly confined under

control conditions, but its diffusion was greatly increased

after C-terminus truncations or blocking, EBP50 mutation,

or cytoskeletal disruption. Expression of excess CFTR also

greatly increased its diffusion, which was interpreted in terms

of a saturable tethering system. These results accounted for

prior photobleaching results in highly expressing CFTR-

transfected cells in which CFTR was found to be quite

mobile (49,50).

As for other PDZ-interactions, CFTR-PDZ associations

have been implicated in channel polarization/targeting, reg-

ulation, recycling, and protein-protein association (reviewed

in (48)). We found previously that CFTR tethering did not

depend on its phosphorylation state (13), suggesting that

CFTR complex formation is constitutive rather than regu-

lated. Naturally occurring CFTR mutants lacking their

C-terminal PDZ-interacting domains (such as CFTR-D26) were

not immobilized by activation, indicating that CFTR immo-

bilization is not necessary for its Cl� channel function (13,

34,51,52). Similarly, the finding of similar diffusion of stable

PDZ-binding domain CFTR mutants (CFTR-D26) and un-

stable mutants (CFTR-D70) suggests that C-terminal inter-

actions do not have a role in CFTR degradation (13,51–54).

As such, the functional consequences of CFTR immobili-

zation are not clear at this time. In neurons, the immobi-

lization of receptors has been proposed to be involved in

synaptogenesis, long-term potentiation and long-term de-

pression (20).
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The SPT data here show that most CFTR molecules

undergo confined diffusion that is described well by a

springlike potential, V(r) � r2. The cortical actin cytoskel-

eton with which CFTR associates is complex, with actin

monomers assembling into polarized filaments that are

organized by multiple actin binding proteins into branched,

bundled, and cross-linked/orthogonal networks (55–58). The

physical properties of the actin cytoskeleton are also very

complex. Measurements of cell surface receptor displace-

ments in response to applied forces and atomic force mi-

croscopy suggest that cortical actin is essentially elastic,

although fluid/viscous behavior has also been observed

(43,44). Laser tweezers measurements have also indicated

elastic (non-hard-wall) boundaries for diffusion of several

actin-associated proteins, including the transferrin receptor

and major histocompatibility class I molecules (4,59). Actin-

dependent elastic behavior has also been observed upon

application of twisting forces to cell-surface integrins using

magnetic beads (60).

According to polymer theory, filaments can be described

by two parameters: persistence length (lp), which relates to

polymer stiffness and defines the average length over which

the filament length changes due to thermal fluctuations, and

contour length (lc), which relates to filament size in an

extended conformation. Most biologically important fila-

ments, including actin, are ‘‘semiflexible’’, such that lp and lc
are comparable (for actin, lp is ;17 mm (61,62) and lc is

;0.5–1 mm (63–65)). Filaments are considered flexible if

lp � lc, and rigid if lp � lc. Flexible and semiflexible fila-

ments respond to applied force in an elastic manner driven

by entropy (42,66). In vitro, cross-linked actin filaments dem-

onstrate elastic behavior and strain hardening that is de-

pendent on proteins such as a-actinin (67,68), fascin (69),

scruin (42,70), filamin (71,72), myosin (73), and ActA (74).

To best recapitulate the mechanical behavior of living cells,

actin networks need to be bundled (42) or prestressed (72).

Cross-linked and bundled actin networks possess two elastic

regimes that are related to bending of individual filaments

and (entropic) filament stretching (42). Robust models that

faithfully recapitulate the properties of cellular actin assume

elastic behavior of actin (42,66). Our data indicating a spring-

like, elastic potential (V(r)� r2) for confined CFTR diffusion

support the notion that elastic CFTR tethering by actin is

responsible for its confined diffusion, as opposed to other

mechanisms such as hard-wall fences.

In summary, analysis of SPT data for confined diffusion

using a potential function can provide useful information

about the mechanical forces that confine particle move-

ment and thus about cellular mechanisms of confined dif-

fusion. Our experimental analysis of CFTR diffusion at the

cell plasma membrane supports a model of confined dif-

fusion produced by interactions with the actin cytoskeleton,

resulting in springlike forces that attempt to immobilize

CFTR. Notwithstanding the caveats about the need for

SPT data collection with adequate spatial and temporal reso-

lution, as well as the need to distinguish between confined

and other types of anomalous subdiffusion, computation of

V(r) should be useful to characterize confinement and force-

producing mechanisms for a wide variety of integral mem-

brane proteins.
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