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Membrane Lateral Diffusion and Capture of CFTR within Transient
Confinement Zones

lan R. Bates,* Benedict Hébert,* Yishan Luo,* Jie Liao,* Alexia |. Bachir,” David L. Kolin,*
Paul W. Wiseman,* and John W. Hanrahan*
Departments of *Physiology, 'Chemistry, and *Physics, McGill University, Montréal, Québec, Canada H3G 1Y6

ABSTRACT The cystic fibrosis transmembrane conductance regulator (CFTR) channel interacts with scaffolding and other
proteins that are expected to restrict its lateral movement, yet previous studies have reported predominantly free diffusion. We
examined the lateral mobility of CFTR channels on live baby hamster kidney cells using three complementary methods.
Channels bearing an extracellular biotinylation target sequence were labeled with streptavidin conjugated with fluorescent dyes
(Alexa Fluor 488 or 568) or quantum dots (gqDot605). Fluorescence recovery after photobleaching and image correlation
spectroscopy of the dye-labeled channels revealed a significant immobile population (~50%), which was confirmed by direct
single particle tracking (SPT) of qDot605-labeled CFTR. Adding 10 histidine residues at the C-terminus of CFTR to mask the
postsynaptic density 95, Discs large, ZO-1 (PDZ) binding motif abolished its association with EBP50/NHERF1, reduced the
immobile fraction, and increased mobility. Other interactions that are not normally detected on this timescale became apparent
when binding of PDZ domain proteins was disrupted. SPT revealed that CFTRs.1¢o channels diffuse randomly, become
immobilized for periods lasting up to 1 min, and in some instances are recaptured at the same location. The impact of transient
confinement on the measured diffusion using the three fluorescence techniques were assessed using computer simulations of
the biological experiments. Finally, the impact of endosomal CFTR on mobility measurements was assessed by fluorescence
correlation spectroscopy. These results reveal unexpected features of CFTR dynamics which may influence its ion channel

activity.

INTRODUCTION

The cystic fibrosis transmembrane conductance regulator
(CFTR) is an anion channel which mediates cAMP-stimu-
lated chloride conductance in epithelial and other cell types
and is defective in the genetic disease cystic fibrosis (1).
CFTR is regulated by phosphorylation and by interactions
with proteins such as EBP50 (ezrin binding protein of 50 kDa,
also known as sodium-hydrogen exchange regulatory factor
or NHERF). EBP50 is an adaptor protein that is critical for the
organization of receptors and channels and is expressed at the
apical membranes of many polarized epithelial cells (2). In-
teractions of CFTR through its carboxyl terminal consensus
motif for PDZ (postsynaptic density 95, Discs large, ZO-1)
domains (3) may influence the apical membrane targeting and
regulation of CFTR (4,5). CFTR channel activity also
depends on associations with the t-SNARE syntaxin 1A (6)
and may be regulated by the actin cytoskeleton (7) and a wide
range of channels and transporters (8). Interaction with other
proteins is expected to slow CFTR diffusion in the membrane,
yet most CFTR-GFP fusion proteins in previous studies were
mobile (9,10) and the determinants of CFTR lateral mobility
remain poorly understood.

The goals of this study were to 1), measure the lateral
mobility of wild-type CFTR, 2), investigate the importance
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of the PDZ domain in channel dynamics, and 3), compare
three methods for determining the diffusion coefficients of
a membrane protein under the same experimental conditions:
fluorescence recovery after photobleaching (FRAP), image
correlation spectroscopy (ICS), and single particle tracking
(SPT). We used baby hamster kidney (BHK) cells stably
expressing CFTR with an extracellular biotinylation target
sequence and labeled the channels with streptavidin conju-
gated to fluorescent dyes or quantum dots (qDot). An extra-
cellular tag was used to preserve interactions between the
cytoplasmic domains of CFTR and intracellular proteins
and to avoid background fluorescence from intracellular GFP
fusion protein.

With FRAP, the diffusion coefficient is calculated from
the rate at which a small bleached area of the sample
becomes repopulated by fluorescent molecules (11). In ICS,
the diffusion coefficient is calculated from fluorescence in-
tensity fluctuations in a time series of confocal images (12).
Since the fluctuations are analyzed from many pixels
simultaneously, ICS is better suited for studying slow dif-
fusion in membranes than conventional fluorescence corre-
lation spectroscopy (FCS). SPT also yields the diffusion
coefficient and enables the analysis of more complex
behaviors than ensemble methods. It is of considerable
interest to compare the results obtained in live cells using
these very different methods. In this study, FRAP consistently
yielded a higher diffusion coefficient than ICS. However
SPT revealed the presence of transient confinement zones,
and computer simulations revealed that the different diffusion
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coefficients could be explained by a lower sensitivity of
FRAP to confinement.

Wild-type CFTR diffused slowly and had a large immobile
fraction (>50%) according to ICS and FRAP. At the single
molecule level, CFTR-bound qDots were nearly stationary;
however when a decahistidine tag was added at the C-terminus
of CFTR (CFTRy;s.10) to disrupt its binding to EBP50, lateral
mobility increased and the immobile fraction was reduced.
Interestingly, CFTRy;5.19 channels diffused rapidly but were
occasionally captured for periods lasting up to a minute, which
may reflect temporary interactions with other protein partners
or trapping within lipid domains. We conclude that most wild-
type CFIR is tethered by its C-terminus, which has profound
implications for the regulation of CFTR channels in epithelial
cells. Rapid diffusion and transient interactions after release
from PDZ proteins would help explain how CFTR channels
interact with many different protein partners.

MATERIALS AND METHODS
cDNA constructs and transfections

Nucleotides encoding a biotinylation target sequence comprising 15 amino
acids (13) were inserted into the fourth extracellular loop of pNUT-CFTR
and pNUT-CFTRy;,.1o after amino acid 901, a site which is known to
tolerate insertion of an antibody epitope (14). The plasmid was transfected
into BHK cells by calcium phosphate coprecipitation, and stable lines were
selected using 500 uM methotrexate as described previously (15). Although
the efficiency of CFTR trafficking to the cell surface was reduced slightly by
the biotinylation sequence, Western blotting revealed a strong ‘‘band C*’
that is indicative of complex glycosylated (mature) protein, and CFTR
function was confirmed by measuring cAMP-stimulated iodide effluxes and
by single channel recording. Details of the construction and functionality
of CFTR-biotintag will be presented elsewhere. Unless otherwise noted,
all chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Cloning and purification of BirA from E. coli

The biotin ligase BirA was cloned from Escherichia coli and expressed as a
glutathione-S-transferase (GST) fusion protein as described previously (16).
A single colony of BL21-codon plus cells that had been transformed with
PET vector containing BirA-GST was cultured in Ampicillin (100 wg/ml)
to optical density 600 = 0.6-1.0, induced with 0.5 M isopropyl-f-D-
thiogalactoside (IPTG), lysed by sonication, and centrifuged at 7000 X g.
The supernatant was incubated with glutathione sepharose beads overnight
at4°C, which were subsequently washed and incubated overnight with 50 ug
thrombin at 4°C to release BirA. The purified biotin ligase was eluted in
phosphate buffer saline (PBS) and stored at 4°C for up to 2 months.

Purification and pulldown of CFTR and
CFTR4is-10 using the biotin tag

After exposure to BirA, cells in a 65-mm culture dish were rinsed three times
with PBS and solubilized for 15 min at 4°C in radioimmunoprecipitation
(RIPA) buffer (150 mM NaCl, 1 mM Tris-Cl, 1% deoxycholic acid (w/v),
1% Triton X-100 (w/v), and 0.1% sodium dodecyl sulfate (SDS)) containing
protease inhibitors. The lysate was centrifuged (32,000 X g, 15 min, 4°C),
and the supernatant was incubated at 4°C for 2 h with 25 uL streptavidin
beads (preequilibrated with RIPA buffer) and briefly centrifuged. The
supernatant was removed and an aliquot run on an SDS- polyacrylamide gel
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electrophoresis (PAGE) gel for Western blot analysis of unbound (i.e.,
unbiotinylated) CFTR-biotintag. Beads were washed five times with RIPA
buffer, and adsorbed proteins were eluted by boiling for 3 min, centrifuged
briefly, and loaded on an SDS-PAGE gel. Proteins were transferred to
polyvinylidene fluoride membranes, and Western blots were performed with
anti-R domain monoclonal antibody at 1:5000 dilution, or anti-NHERF1
polyclonal antibody (Chemicon, Mississauga, Canada) at 1:500 dilution.

Enzymatic biotinylation and fluorescent labeling
of CFTR

BHK cells were plated in four-well Lab-Tek chambers (Nalge Nunc,
Naperville, IL) for live cell imaging and on sterile coverslips for studies of
fixed preparations and cultured to 70% confluence in Dulbecco’s modified
Eagle’s medium(DMEM)-F12 supplemented with 10% fetal bovine serum
and 500 wg methotrexate. CFTR-biotintag on the cell surface was en-
zymatically biotinylated by exposure to PBS supplemented with 50 mM
bicine (pH 8.3), 10 mM magnesium acetate, 10 mM ATP, 400 uM biotin,
and 5 pg biotin ligase for 40—60 min at 30°C. Cells were then incubated with
2% BSA in medium for 30 min at 16°C to block nonspecific binding and
labeled with fluorescent dye by exposure to 10 ug of streptavidin conjugated
with Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes, Eugene, OR)
in PBS for 30 min on ice (Fig. 1 a). After washing off excess fluorophore
with cold DMEM-F12, cells were placed on the microscope stage and
warmed to 23°C or 37°C for imaging (FCS2, Bioptechs, Butler, PA).

Fluorescence recovery after photobleaching

FRAP was performed using a confocal microscope (LSM 510META; Carl
Zeiss Microimaging, Thornwood, NY) with a 63X objective (numerical ap-
erture (NA) 1.4) and pinhole set to 1-2 Airy units. Streptavidin-Alexa 488
was excited using the 488-nm line of a 30-mW Kr/Ar laser. Five prebleach
measurements of fluorescence intensity were taken using 1% laser power
after which a 2-5-um-wide strip was photobleached for <1 s using 75%
laser power. Recovery of fluorescence within the strip was continually
imaged at low laser power (1%) with a 4-5-s interval between frames until
fluorescence reached a steady-state plateau. Diffusion coefficients were
determined using Diffuse, a program kindly provided by Dr. Eric Siggia
(17) which models diffusive recovery into the bleached region using
the postbleach image series. Image series were analyzed with Diffuse on the
Clumeq supercomputer cluster (McGill University, Montréal, QC). The
immobile fraction (IMy) of CFTR was calculated by standard FRAP methods
as described previously (18).

Image correlation spectroscopy

To study lateral diffusion of biotinylated CFTR using ICS, cells were
exposed to Streptavidin-Alexa 568 at 4°C, washed, and rewarmed to 23°C or
37°C in the incubation chamber on the microscope stage. Images were
collected after excitation with the 543-nm line of a 1-mW He-Ne laser using
the LSM 510META and filter sets supplied by Zeiss. Fluorescence emitted
by Streptavidin-Alexa 568 was collected using a 63X PlanApo oil immer-
sion objective (NA 1.4) with the confocal pinhole set at 1 Airy unit. Indi-
vidual cells were viewed using an electronic zoom, which gave a pixel size
of between 0.06 and 0.15 wm/pixel in the x and y directions. Time series of
100-125 images were collected, with ~1 s between each scanned image.
Control experiments were performed with biotinylated cells that had been
prefixed by exposure to 2% paraformaldehyde in PBS for 20 min at room
temperature. A subregion of 32 X 32 pixels was selected from the image
series for temporal ICS analysis. The normalized spatiotemporal intensity
fluctuation autocorrelation function was defined as (12)
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where ¢ and 7 are the spatial lag variables in the x and y directions, and 7
is the time lag variable between correlated pairs of images. By setting
the temporal lag to zero, spatial autocorrelation functions were calculated for
each image in the time series and fitted to a Gaussian function by nonlinear
least-squares fitting (12):

F(Z,m,0) = 8(0,0,0),¢ €V 1 g, @
o thss

where the fitting parameters for the ““n™"’ image are the zero lags spatial
autocorrelation function amplitude (0, 0, 0),,, the ¢~ beam radius in the focal
plane w,, and an offset parameter at long correlation lengths g, .. . By setting the
spatial lag variables to zero, a temporal autocorrelation function was calculated
for each time series and fit to a two-dimensional (2D) diffusion model (12):

3
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7(0,0,7) = g(0,0,0) (1 + 1) + g1,

where the fitting parameters are the zero lag temporal autocorrelation func-
tion amplitude g(0,0,0), the characteristic diffusion time 74, and an offset
parameter at long correlation times g« .

For each image time series, a diffusion coefficient was calculated using
the average value of the best-fit beam radii from the spatial autocorrelation
function fits ({w)) and the recovered characteristic diffusion time:

2
w
p_ @y
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The immobile fraction was calculated using the amplitude and offset of
the temporal autocorrelation function as has been described (19):

8t
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All correlation calculations and fitting of spatial autocorrelation functions
were performed using programs written in the IDL programming language
(Interactive Data Language, RSI, Boulder, CO).
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Fluorescence correlation spectroscopy

FCS was performed on a ConfoCor2/LSM combination system (Zeiss, Jena,
Germany), using the autocorrelation configuration. The 488-nm line of an
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FIGURE 1 Expression and labeling of CFTR on live
BHK cells. (¢) Diagram illustrating the enzymatic
Py biotinylation of CFTR on the cell surface. (b and ¢) Low
magnification fluorescence images of BHK cells stably
expressing CFTR-biotintag. (b) Cells were exposed to the
biotin ligase BirA for 40 min at 30°C and incubated with
Streptavidin-Alexa Fluor 488. (¢) In the absence of BirA,
there was little nonspecific binding. Scale bar, 20 um. (d)
Western blot of wild-type His tagged CFTR purified using
Ni**-NTA beads (48) (lane 1) and CFTR-biotintag (lane
2). Arrow indicates location of standard at 175 kDa. (e)
Western blot of CFTR-biotintag after incubation with
streptavidin. Solid arrow indicates the monomeric, com-
plex-glycosylated protein at 175 kDa. The open arrow
indicates 350 kDa dimers stabilized by streptavidin pre-
treatment.

Argon-Krypton laser line was attenuated to 15 wW using an acousto-optical
filter, and a 488 beam splitter reflected the light which was focused through a
Zeiss C-Apochromat 40X, NA 1.2 water immersion objective onto the
sample. The fluorescence emission was passed through a 505-550-nm
bandpass and detected using avalanche photodiodes and a pinhole diameter
of 70 um. The fluorescence signal was recorded for 3—5 consecutive peri-
ods of 10 s. The signal was displayed online, and the autocorrelation func-
tion and data fitting were performed with the appropriate model in the
ConfoCor2 software using a one- or two-component fit (Zeiss). The lateral
radius (w) of the detection volume was found to be ~0.15 uwm with a cal-
ibration using the known diffusion coefficient of Rhodamine-6G at room
temperature (2.8 /.Lmzsfl). Intracellular measurements were done by po-
sitioning the confocor focal volume at the membrane of an individual cell
while monitoring via LSM imaging. The appropriate z-focus was determined
by doing a z-scan through the membrane.

Single particle tracking

Biotinylated cells were exposed to Tyrode’s buffer containing 0.02 nmoles
streptavidin-qDot605 (Quantum Dot, Hayward, CA), 0.1 nmoles free biotin,
and 2.5% BSA at 4°C. Cells were then washed and rewarmed in the
incubation chamber, and the confocal image time series were collected at
2-20 Hz using excitation with the 488-nm laser line of a 30-mW Kir/Ar ion
laser and filter sets recommended by Quantum Dot Corp. The image series
were analyzed using SPT programs to track the trajectories of individual
nanoparticles (~15 nm diameter) attached to cell surface CFTR channels.
Nanoparticles that were not bound to cell membrane components and were
diffusing freely in solution moved too quickly to be resolved at this imaging
rate and thus did not perturb the SPT measurements. Particle trajectories
were analyzed to calculate mean-squared displacement (MSD) versus time
curves, which were fit to calculate diffusion coefficients using standard SPT
methods (20). The images were first processed using a spatial bandpass filter
to smooth the images and subtract background fluorescence. Coordinates of
the resolved intensity spots in the filtered image were determined by locating
their centroids using both intensity and eccentricity of the spots as rejection
criteria when discriminating real features from noise. Given the positions for
“‘n’’ particles at time #(i) and ‘‘m’’ possible new positions at time #i + 1),
we considered all possible identifications of “‘n’* old and ‘‘m’’ new positions
and chose the result that minimized the overall squared displacement. This
algorithm yields the most likely set of identifications for noninteracting



Lateral Mobility of Single CFTR Channels

Brownian particles having the same diffusivity and works well for systems
with oscillatory, ballistic, correlated, or random hopping motions when the
single time step displacements are relatively small. Transient confinement
zones were defined as regions where the local mean-square displacement
falls below a preset threshold (21). All SPT calculations and fitting were
performed using programs written in IDL.

Computer simulations

Computer simulations were used to model the expected results for different
channel transport properties and measurement conditions to allow direct
comparison with the experimental results. An IDL program was written to
simulate, as closely as possible, the ICS and FRAP data that would be ob-
tained by laser scanning microscopy of point emitters in a 2D system under
defined settings of instrument collection and particle mobility. Simulation of
confinement was based on Wawrezinieck et al. (22), where the probability
for entering and exiting domains of defined size can be assigned (probability
in (P;,), probability out (Po,)) as well as the diffusion coefficient inside and
outside of the domains (diffusion in (D;,), diffusion out (Dy,)). The program
allowed many system parameters to be varied, including characteristic
diffusion times, densities of particle populations, laser beam size and shape
characteristics, size of hypothetical confinement areas, image size, pixel size,
the number of images collected for analysis, the time interval between
images, and the emission state of every particle (‘‘on’’ or ‘‘off”’). For FRAP
simulations, a prebleach image was created in which all the particles were
emitting (‘“‘on’’), then a thin strip of variable width and height was
“‘bleached”” by setting all of the particles in that region to be in the ‘‘off”’
state (irreversible bleaching), and the postbleach image sequence was then
simulated. Periodic boundary conditions were used at the image edges, and
discrete displacements in x and y were computed at every time step for each
particle using normally distributed, floating-point, pseudorandom numbers
having a mean of zero and standard deviation o = /2Dr. The simulations
were run on a standard desktop PC.

RESULTS
Labeling of CFTR on the cell surface

After insertion of the biotinylation target sequence, CFTR
could be enzymatically biotinylated and specifically labeled
with a variety of streptavidin conjugates (Fig. 1 a). In the
presence of BirA, distinct membrane staining of CFTR on the
cell surface was observed (Fig. 1 b), whereas in the absence of
BirA the fluorescence was not detected (Fig. 1 ¢). CFTR was
trafficked correctly and not trapped in the endoplasmic retic-
ulum as indicated by the mature, complex glycosylated band
C form in Western blots (Fig. 1 d). In addition, it was found
thatsome CFTR molecules could be cross-linked by the addition
of streptavidin (Fig. 1 e), although this may reflect stabiliza-
tion of a naturally occurring dimer that exists natively in the
membrane (23) (see ‘‘Cross-linking’’ section below).

Most CFTR appears immobilized on the
cell surface

FRAP was performed on cells labeled with Streptavidin-
Alexa 488 that was bound to biotinylated CFTR. To mini-
mize endocytosis of labeled CFTR (24), experiments were
performed within the first 30 min after warming of the cells
in the incubation chamber on the microscope. As expected,
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fluorescence was localized on the cell surface when living
cells were viewed in optical cross sections on the confocal
microscope. Reversible photobleaching was not detected
using control cells prefixed with 2% paraformaldehyde (data
not shown). The immobile fraction (IMy) was calculated as
described (18) after correcting for the background and for
fluorescence loss over the course of the measurement (Fig.
2 b). The IM; was found to be on average 50% = 8%, and a
typical FRAP recovery curve for wild-type CFTR is shown
in Fig. 2 c. The large immobile fraction precluded fitting of
the diffusive recovery within the bleached region to deter-
mine the diffusion coefficient (17).

To study channel mobility using ICS, confocal images of
cells labeled with Streptavidin-Alexa 568 that was bound to
biotinylated CFTR were collected at 1-s intervals, and the
intensity fluctuations in a 32 X 32 pixel subregion time stack
were analyzed. A typical en face image used for analysis is
shown in Fig. 2 a along with the discrete autocorrelation
function calculated from a time series of >100 frames (Fig. 2
e). Superimposed on the autocorrelation function is the best-
fit solid line obtained using a 2D diffusion model (see Eq. 3).
The 74 obtained by this method yields an average diffusion
coefficient D = 8.0 = 2.7 X 10~* um?s~" and an immobile
fraction of 41% * 8%, indicating that a significant fraction
of CFTR molecules are essentially immobile in the cell
membrane (N = 18 cells).

Lateral mobility of CFTRy;s.10 On the cell surface

CFTRy;js.10 was used to determine the effect of interfering
with the PDZ domain binding on CFTR mobility. Western
blot analysis of a pulldown using the biotinylation target se-
quence and avidin agarose beads showed that the 10His tag
prevents the binding of EBP50 to the C-terminus of CFTR ;5.1
(Fig. 3, a—c). The immobile fraction of CFTR ;5o measured
by FRAP was found to be on average 22% = 14% (N = 28
cells), and a typical FRAP recovery curve is shown in Fig. 2 d.
The resulting time-course was analyzed by assuming
diffusive entry into the bleached strip (17). The values for
diffusion coefficient were similar at room temperature (1.4 *
0.6 X 1072 wm?s ") and at 37°C (1.5 + 0.5 X 102 um?s ).

ICS analysis of CFTRy;,.10 yielded a diffusion coefficient
of D =38+ 1.7 X 107> um?s~" (Fig. 2 /) at room tem-
perature, ~4-fold slower than that obtained by FRAP.
Again, similar diffusion coefficients were obtained at 37°C
(4.1 = 1.2 X 107 um?s™"). The immobile fraction esti-
mated from the best-fit temporal offset parameter g;. was
28% * 10%.

Single particle tracking and ICS studies of CFTR
on the cell surface using quantum dots

SPT can yield detailed information about lateral movements
of single molecules that cannot be obtained by ensemble
analysis of populations using FRAP or ICS (25). We took
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FIGURE 2 Distribution and lateral mobility of biotinylated CFTR and CFTRpy;s 10 studied by FRAP and ICS. (@) High magnification image of the upper
surface of a labeled cell. The white square indicates a 32 X 32 pixel area that was analyzed to produce a stack of 100 consecutive images collected at 1-2-s
intervals. Scale bar, 5 um. (b) Selected images from a confocal FRAP experiment at 37°C of CFTR-biotintag labeled with Streptavidin-Alexa Fluor 488
expressed in BHK cells. Nos. 1-3 represent the bleach box, whole cell fluorescence, and background fluorescence, respectively. Bleach box length, 5 wm.
Scale bar, 4 um. (¢ and d) Fluorescence recovery kinetics for CFTR (c¢) and CFTRy;s.10 (d). Note the smaller immobilized fraction with CFTRy;s.10. (e and f)
Normalized temporal intensity fluctuation autocorrelation function from CFTR (e) and CFTRy;s.10 (f) with solid line curve of best fit to the 2D diffusion
model (see Materials and Methods). Representative of 20 cells imaged on different days.

advantage of the favorable photophysical properties of quan-
tum dots, namely their brightness and resistance to photo-
bleaching (26), to perform SPT studies of CFTR on the cell
surface and compared the results with those obtained by ICS.
The upper surface of the cell was imaged at various scan
speeds (2-20 Hz), and the trajectories of the quantum dot-
CFTR complexes were tracked in the image time series by
SPT. The trajectories were analyzed to calculate MSD versus
time curves, which were fit to determine diffusion coeffi-
cients for the nanoparticle-channel complexes.

We imaged the dynamics of both CFTR and CFTR ;4.1 at
the single nanoparticle level and observed several behaviors
(see Supplementary Material for movies). CFTR was es-
sentially immobilized as measured by SPT, and this was
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stable throughout the experiment (see Movie 1). By contrast,
most CFTRy;s.10 Was mobile and exhibited diffusion that
was interrupted occasionally by periods during which it was
nearly stationary (Movie 2, Fig. 4 a). A representative
trajectory for CFTRy;s.10 is shown in Fig. 4 b, in which the
same confinement zone revisited by the particle at different
times during the recording is indicated by the green and blue
lines. This result is similar to those described previously for
lipid rafts (27). Analysis of the functional relationship be-
tween the MSD and time indicates the type of motion present
in the system (20). The MSD of the particle in Fig. 4 a,
outside of the confinement zones, results in a linear profile
indicative of Brownian motion (Fig. 4 ¢). However, the MSD
of the particle when its motion is constrained results in a
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a

FIGURE 3 (a) Schematic of the EBPSO/NHERF1 interaction with the
PDZ domain binding motif at the C-terminus of CFTR, which is masked (b)
by the addition of the decahistidine tag. (¢) Western blot of an avidin
pulldown of biotinylated CFTR. CFTR and CFTRy;s.1¢ were enzymatically
biotinylated, pulled down on avidin beads, and analyzed by Western blotting
with anti-NHERF1 antibody. Lane 1, pulldown of CFTRy;s.10 expressed in
BHK cells; lane 2, pulldown using CFTR-expressing BHK cells. Lanes 3
and 4 show the protein in crude lysates obtained using cells that express
CFTRy;s.10 or CFTR, respectively. The solid arrow represents the molecular
mass marker at 47.5 kDa.

plateau characteristic of confinement (Fig. 4 d). The MSD
versus time was plotted for an ensemble of trajectories of
quantum dot CFTRpy;s 1o complexes and a plateau was con-
sistently obtained, indicating there is confined diffusion of the
CFTRpyjs.10 complex (Fig. 4 e). Analysis of the trajectories
outside of the transient confinement zones yielded a diffusion
coefficient of 3.0 = 1.0 X 10> um?s ™' (Fig. 4 ¢). This value
is ~2-fold greater than the diffusion coefficient obtained
using FRAP, which measures an overall ensemble value for
the freely diffusing and transiently confined populations. Most
wild-type CFTR trajectories could not be analyzed for a dif-
fusion coefficient using the MSD because there wasn’t suf-
ficient movement away from the origin.

We compared the SPT data of CFTRy;s.10 with those
obtained by ICS measurement of cells labeled with a much
smaller streptavidin-dye CFTR conjugate by reanalyzing the
same images used for SPT using ICS, a method that has not
been applied previously to proteins labeled with quantum
dots (Fig. 4 f). ICS analysis yielded very low noise auto-
correlation curves, and Fig. 4 f shows a typical example with
a calculated diffusion coefficient of D = 3.7 + 1.1 X 10~°
wm?s~ !, very similar to the value determined for Streptavi-
din-Alexa 568 by ICS. The close agreement between results
obtained for dye and quantum dot conjugates indicates that
attaching the nanoparticle to CFTR had a negligible impact
on its lateral mobility in the membrane, as has been reported
previously for glycine receptors (25).

Fluorescence correlation spectroscopy of CFTR
containing endosomes

CFTR undergoes endocytosis in BHK cells and is contin-
uously recycled to the membrane (24). We minimized the
contribution of fluorescent CFTR within endosomes by
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limiting measurement to the first 5-30 min after labeling
cells for only 3-5 min on ice and by excluding from the
analysis any particles that diffused out of the focal plane
(since these were more likely to be internalized complexes).
To further assess whether endosomes containing labeled
CFTR could confound the SPT measurements, FCS was
used to investigate the diffusion of CFTR in endosomes near
the membrane. FCS can be used to measure the mobility and
dynamics of labeled molecules in live cells and has been
used to measure vesicle movements in the endocytic path-
way (28).

After enzymatic biotinylation and labeling with Strepta-
vidin-Alexa 488, the confocal volume used for FCS was
focused on the membrane in a region over the nucleus (Fig.
5 a). Steady-state FCS measurements on the cell membrane
resulted in bleaching of the membrane component, as char-
acterized by a decrease in the count rate (Fig. 5 d, inset).
Bleaching is observed when the fluorophore exhibits a long
residence time (>1 s) in the FCS illumination volume, and
thus is a result of low mobility in the membrane (<1072
p,m2s*1) (28). In the case of CFTR, this means that the FCS
focal volume includes a portion of the membrane (Fig. 5 b)
containing slowly diffusing, plasma membrane-localized
CFTR that is bleached. The relatively mobile endocytic
vesicles containing CFTR remain unbleached and give rise
to the autocorrelation curve, which includes the last 34 10-s
repetitions of the count rate trace (Fig. 5 d). The recovered
characteristic diffusion time was 33 * 8 ms, corresponding
to an average D of 1.7 = 0.5 X 10~" um?s™" and, not sur-
prisingly, these vesicular diffusion times were virtually
identical for both CFTR and CFTRy;s 1. Using the Stokes-
Einstein equation and assuming a cytosolic viscosity of n =~
5 cP (28), the hydrodynamic diameter of the vesicles is ~450
nm. This size is larger than expected for clathrin-dependent
endocytic vesicles (29), which are thought to average ~120
nm, and is most likely due to larger vesicle aggregates or
tubules, which would dominate the autocorrelation curve as
found previously in FCS studies of endosomes (28). Re-
gardless, these diffusion coefficients are still an order of mag-
nitude larger than those measured by SPT, indicating that the
single particles tracked in our experiments were cell surface
CFTR and unlikely to be in endocytic vesicles.

Cross-linking of CFTR by streptavidin

Cross-linking membrane proteins may slow their diffusion
by a factor of up to five, depending on the protein and cell
type (30). Streptavidin is a tetrameric protein, capable of
binding four biotin groups; consequently the streptavidin
fluorophore label could potentially cross-link up to four
CFTR molecules. To investigate the degree of cross-linking,
CFTR was biotinylated on live cells, streptavidin was bound,
and the cell lysate was run on an 8% SDS-PAGE gel and
probed using anti-streptavidin (Fig. 1 e). The Western blot
shows two distinct bands corresponding to monomeric
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FIGURE 4 SPT and ICS of CFTRy;s 10 labeled with quantum dots (QD) after enzymatic biotinylation. (a) Example of a QD trajectory obtained by analysis
of an LSM image time series consisting of 743 time steps collected over 360 s. The colored tracks indicate regions of confinement. (b) Higher zoom portion of
the trajectory from (a) which shows the revisitation of confinement zones (frames 350-470, time sampling of 0.483 s/frame). MSD as a function of time for
regions outside of confinement zones (c) and within confinement zones (d) for the particle tracked in (a). The measured D from the analysis of MSD versus time
curves was 3.0 = 1.0 X 1072 p,mzs’l. (e) MSD as a function of time calculated for an ensemble of trajectories (N = 32). (f) Normalized temporal intensity
fluctuation autocorrelation function measured from a cell labeled with CFTRy;5.10/QD. The D is determined from the best parameters for a 2D diffusion decay
model (solid line).
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FIGURE 5 Enzymatically biotinylated CFTR
labeled with Streptavidin-Alexa 488. (a) Laser
scanning microscope image of the apical mem-
brane of BHK cells with labeled CFTR-biotintag
and the location of the confocor focus (cross-
hair). Scale bar, 5 um. (b) Illustration showing
the FCS illumination volume positioned on the
apical membrane where CFTR in the plasma
membrane and in endocytic vesicles is detected.

D=1.7£0.5 x 10" um’s”

(c¢) Autocorrelation curves of free Streptavidin-
Alexa 488 in solution. (d) Average autocorrela-
tion curve of the last 4 X 10 s intervals of the
FCS measurement. The first 10 s of the count rate
decayed sharply during the measurement, con-
sistent with the bleaching of the slowly moving
CFTR in the membrane.
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CFTR (running at 175 kDa as Band C, the mature form) and
dimerized CFTR (running at 350 kDa, indicating a dimer of
Band C). This demonstrates labeling of mature CFTR at the
cell surface and suggests that streptavidin can cross-link
CFTR into stable dimers. Although the oligomeric state of
CFTR remains controversial, cross-linking of CFTR into
dimers is consistent with the existence of stable, naturally
occurring dimers at the cell surface as reported and quan-
tified in Chinese hamster ovary (CHO) and Tg4 cells by size
exclusion chromatography and nondissociative gel electro-
phoresis (23) and observed in freeze fracture electron micro-
graphs (31) and low-resolution structures (R. Ford, The
University of Manchester, personal communication, 2006).
Since the relative amounts of cross-linked dimer are similar
to those reported previously (23), the mobilities observed in
this study are consistent with the naturally occurring olig-
omeric state of the protein independent of streptavidin cross-
linking.

In addition to the issue of the tetrameric streptavidin
binding, the SPT experiments could be complicated by the
fact that each gqDot is coated with 2-3 streptavidin mol-
ecules. It has previously been determined that a 10-fold
excess of biotin will block streptavidin:qDot binding (32),
and this was confirmed in our experimental system. To have
adequate binding with minimal cross-linking, a fivefold
excess of free biotin was routinely added during the labeling
step. Moreover, ICS studies of gDot-labeled CFTR yielded a
diffusion coefficient that was similar in magnitude to that
measured using a smaller streptavidin fluorophore label.

1 10 1iJU

Time (ms)

Simulations comparing FRAP, ICS, and SPT
measurements under identical conditions

Diffusion coefficients of CFTRpy;s 1o obtained using FRAP in
this work and in a previous study of GFP-CFTR (9) were
~4-fold faster than those measured using ICS. The SPT
results were ~2-fold faster than the FRAP results, due to the
fact that the D was determined using the MSD of CFTR
when it is outside of the confinement zones. We hypothe-
sized that the differences between ICS and FRAP measure-
ments may be found in the way in which these two techniques
are influenced by the transiently confined CFTRy;s 19 popu-
lation that was observed in SPT. To better understand how
such confinement contributes to the calculated D, we carried
out computer simulations of laser scanning microscopy time
series imaging of point emitters in a 2D plane while sys-
tematically varying the microscopy collection parameters
and mobility properties of the particles. The simulations
modeled 128 X 128 pixel images, with 0.1 wm/pixel and 100
images per time series to match the conditions used during
experiments on live cells. Image time steps of 1 and 4 s were
used, as during the ICS and FRAP experiments, respectively.
Simulations were generated to model the experimental con-
ditions as accurately as possible, with a random distribution
of 200-nm diameter domains in the 2D plane, representing
the confinement regions (Fig. 6 b) (22). Diffusion coef-
ficients were set for the inside and outside of the domains
(Din and D) and the probabilities assigned for entering
and exiting the domains (P;, and P, respectively). In the
simulation, when a particle encounters a domain the P,
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value determines the probability of entering, whereas the P
value determines the probability of exiting after encounter-
ing the domain perimeter from inside a domain (22). For the
subsequent simulations, a D, of 3.0 X 1072 ,u,m2§1 was
used (representing the D determined experimentally by SPT
outside the domains) and a D;, of 3.0 X 1073 ;ugmzs_1 (a 10-
fold slower rate for within the domains). A three-dimen-
sional (3D) plot illustrates the effect of varying both P;, and
P,y with an increase in the P;, and decrease in P, leading
to an overall increase in particle confinement (Fig. 6 c¢).
When the P;, was set to 30%, the confinement zone dwell
time increased as the P, was decreased (Fig. 6 d). At the
single particle level, these parameters resulted in 30% of the
population residing within the confinement zones and a mean-
zone dwell time of 44 s, values that were very similar to
those determined experimentally by SPT. Fig. 6 e shows that
these parameters, when used to simulate SPT of qDot-CFTR,
yielded trajectories remarkably similar to those obtained ex-
perimentally (compare with Fig. 4 a).

Interestingly, the effect of these transient confinement do-
mains on the diffusion coefficients determined by FRAP and
ICS analysis was quite different. When simulating two popu-
lations of unconfined particles, one with a D set to be the same
as that measured by SPT for particles outside of the domains
(3.0 X 102 wm?s ") and another diffusing an order of mag-
nitude slower (3.0 X 1073 p,mzs_ 1), both ICS and FRAP show
a similar decrease in the measured D as the fraction of the
slower (but unconfined diffusers) was increased (Fig. 6 f). If,
however, confinement was included in the simulation using the
same diffusion coefficients but varying P, the apparent D
obtained by ICS measurement declined more rapidly compared
to FRAP as the P, was decreased (Fig. 6 g). The most accurate
match to the experimental results was obtained when P;, was
30% and P, was equal to 15%. The apparent diffusion coef-
ficients measured by ICS and FRAP in this case were 6.3 = 1.5
X 107 um?s~'and 1.7 + 0.25 X 10~ % um?s ™, respectively
(Fig. 6, h and i), illustrating the differential effect of transient
confinement on the D using these two techniques.

DISCUSSION

Lateral mobility of wild-type CFTR depends on
interactions with PDZ domain proteins

CFTR interacts with many different proteins; however, the
functional consequences of those associations are not well
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understood and it remains uncertain if they lead to stable
complexes. Interactions with scaffolding proteins and the
actin cytoskeleton may regulate CFTR channel activity
directly and also by tethering various regulatory molecules.

We hypothesized that interaction of wild-type CFTR with
PDZ domain proteins would reduce its lateral mobility.
Although a previous FRAP study did not observe an im-
mobilized population of GFP-CFTR at the cell surface (9), we
found using three different methods that >50% of the wild-
type CFTR on BHK cells is immobile. BHK cells overexpress
CFTR at high levels and there may be a limited supply of PDZ
domain proteins available for binding; therefore, it is conceiv-
able that the immobile fraction would be higher in cells
expressing CFTR at physiological levels. Since CFTR mobility
may depend on expression level and other factors such as cell
type (epithelial versus nonepithelial) and the extent of differ-
entiation and apical-basolateral polarization, further studies of
CFTR diffusion in polarized epithelial cells are needed.

Adding a decahistidine tag at the C-terminus of CFTR to
disrupt the binding of PDZ domain proteins reduced the
immobile fraction and increased the diffusion coefficient
significantly. Thus PDZ domain proteins have a major in-
fluence on CFTR mobility in BHK cells. Although the large
immobile fraction precluded calculation of a diffusion co-
efficient for wild-type CFTR using FRAP, the value obtained
by ICS indicated that it was exceedingly low, and this was
confirmed by tracking single qDots bound to CFTR. By
contrast, CFTRy;s.10 movements were rapid according to
both FRAP and ICS.

Single particle tracking reveals intriguing
dynamics after CFTR is released from
PDZ domains

The behavior of CFTRy;,.10 Was very different from that of
wild-type CFTR. Disrupting PDZ domain interactions led to
rapid diffusion that was interrupted for periods lasting
<1 min, during which time the quantum dot appeared to
vibrate around one spot before being released. In some in-
stances, quantum dots revisited the same spot several times,
reminiscent of proteins that enter confinement zones or lipid
rafts (33). The finding that CFTR and CFTRy;s 1o have very
different mobilities argues they were indeed at the cell
surface, since it is unlikely that a polyhistidine tag on CFTR
would accelerate vesicle movements beneath the plasma
membrane. Moreover, control FCS experiments confirmed

FIGURE 6 (Continued).

domain diameter was 200 nm, and the number of domains used was 120 in a 128 X 128 pixel region. (¢) 3D mesh graph showing the percentage confinement as
a function of P;, and P,y (d) Dwell times within confinement zones as P, is decreased with Py, set at 30%. (e) Simulation of an SPT experiment showing
transient confinement similar to that observed during the SPT experiment shown in Fig. 4 a. (D;, = 3.0 X 1073 Mmzs’l, Do =3.0 X 1072 u,mzs’l, P, =
30%, Pou = 15%, total time = 360 s). Scale bar, 0.5 um. (f) ICS and FRAP measured diffusion coefficients for simulations of two diffusing populations with
no confinement (Dyjow = 3.0 X 1073 um?s ™!, Do = 3.0 X 1072 wm?s ™ 1), as a function of the fraction of the slower diffusing population. (g) ICS and FRAP
measured diffusion coefficients for simulations with transient confinement showing the effect of increasing P, (#) FRAP recovery kinetics of a simulated
confinement experiment using the same parameters as in e. (i) ICS autocorrelation function of a simulated confinement experiment using the same param-

eters as in e.
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that the observed particles were not in endosomes, which
have diffusion coefficients that are an order of magnitude
faster than those for CFTR in the lipid bilayer.

We conclude from these studies that most CFTR on BHK
cells is tethered through PDZ domain proteins and appears
immobilized when studied on a timescale of minutes. PDZ
domain interactions with the C-terminus probably influence
CFTR mobility (9) through mechanisms similar to those of
other ion channels and receptors (34,35). PDZ domain-
containing proteins cluster and immobilize K channels (36),
and studies of AMPA receptors indicate that such interac-
tions may also be regulated physiologically (37). In T cells,
protein-protein interactions induced by the formation of
complexes and microdomains have recently been shown to
cause diffusional trapping that facilitates cell signaling (38).
Transient interactions of CFTR with other proteins or lipid
domains become apparent when PDZ interactions are dis-
rupted and diffusing CFTR molecules enter transient con-
finement zones. The biochemical basis of confinement
remains to be investigated and may involve multiple lipid-
and protein-dependent mechanisms (27). In this regard, it is
interesting that CFTR has been found to associate with lipid
microdomains at regions of P. aeruginosa infection (39).

Comparison with previous studies of
CFTR mobility

Studies of a GFP-CFTR fusion protein revealed rapid diffusion
in the endoplasmic reticulum (diffusion coefficient 10"
wm’s~" (40)) and a diffusion coefficient of 1072 um?s~" in
the plasma membrane, similar to FRAP results obtained for
CFTRjy;s.10 in this study (1.4 = 0.6 X 1072 um?s~'). How-
ever, a major difference between the studies was the immobile
fraction, which was negligible for GFP-CFTR (40) but >50%
for wild-type CFTR in this study, and 28% and 23% for
CFTRy;s.10 using ICS and FRAP, respectively. The difference
may be due in part to butyrate, which was used in the previous
study to elevate GFP-CFTR expression (41); however, this is
probably not the entire explanation since a large immobile frac-
tion was observed in BHK cells, which have very high CFTR
expression. The unpolarized Madin Darby canine kidney cells
used previously may contain different interacting proteins
compared to the BHK cells. Alternatively, fusion of GFP to the
amino terminus of CFTR may disrupt protein interactions that
normally immobilize CFTR. We found that the diffusion co-
efficient obtained by FRAP is relatively insensitive to con-
finement; therefore, loss of the immobile fraction might not
noticeably affect the diffusion coefficient calculated using this
technique.

Comparison of three methods for measuring
lateral mobility

In addition to revealing new features of CFTR movement
at the cell surface, these results demonstrate the usefulness
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of external biotinylation target sequences for quantitative
studies of membrane proteins. To visualize CFTR move-
ments on the cell surface, a biotinylation target sequence was
inserted into the fourth extracellular loop of CFTR so that
fluorescent streptavidin conjugates could be specifically
bound. This method has some advantages over other
methods: the affinity of the biotin-streptavidin interaction
(Kqg = 107" M) exceeds that between an antibody and its
epitope (42), and streptavidin is smaller than IgG (60 kDa
versus 150 kDa). We used streptavidin conjugates of Alexa
488 and Alexa 568 for FRAP and ICS, respectively, and
streptavidin conjugated quantum dots for SPT and ICS, but
it should be possible to attach other probes to CFTR and to
other membrane proteins that tolerate insertion of a small
extracellular peptide.

These results also provide, to our knowledge, the first
comparison of mobility estimates obtained by FRAP, ICS,
and SPT under the same experimental conditions. The re-
sults suggest that the diffusion coefficients calculated for
CFTRy;s.10 using ICS are more strongly influenced by
transient confinement than those determined by FRAP, prob-
ably because fluorescence recovery curves are dominated by
the more abundant and rapidly diffusing species during
FRAP, obscuring the confinement. This study also expands
the proven applications for quantum dots, which are an ex-
citing alternative to fluorescent dyes due to their photo-
stability and intense emission (43) but which have not been
used previously for ICS studies. We calculated similar
diffusion coefficients for CFTR labeled with fluorescent dyes
or quantum dots, and consistent values were obtained when
the images were analyzed using ICS and SPT. Thus quantum
dots provide a convenient tool for combining complemen-
tary ensemble and single molecule methods.

ICS is an ensemble method for studying membrane
protein dynamics in time and space which can quantify
membrane receptor diffusion, lateral flow, and the immobile
fraction. It has been used successfully to characterize integrin
dynamics and their interactions with other proteins and to
determine diffusion coefficients and velocity vectors for di-
rected flow of membrane-associated macromolecules (19,44).
Similar diffusion coefficients for CFTR were obtained by
ICS when streptavidin-dye or streptavidin-quantum dot con-
jugates were used, suggesting the size of the quantum dot has
little impact on the lateral mobility of membrane macromol-
ecules, a conclusion that is consistent with previous studies
of membrane proteins (25).

The apparent diffusion coefficient of CFTRpy;s 1o mea-
sured by FRAP was higher than that obtained using ICS.
Srivastava and Petersen (45) found a similar discrepancy for
transferrin receptors and attributed the lower ICS D value to
slow diffusion of receptor clusters, which are brighter and
therefore dominate the autocorrelation function. However,
when a heterogeneous population of slow-moving bright
particles (representing CFTR clusters) and fast-moving dim
particles (monomers) was simulated, we found that the
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measured diffusion coefficients declined similarly for FRAP
and ICS as the fraction of slow species was increased (data
not shown). Therefore CFTRy;s.1¢ clustering is unlikely to
explain the apparent discrepancy between diffusion coeffi-
cients obtained by these two methods. An alternative ex-
planation was suggested by SPT results obtained with
CFTRyjs-10, Which revealed zones of transient confinement.
When this behavior was studied in silico, transient confine-
ment resulted in a lower ICS measured diffusion coefficient,
but had less effect on the D value calculated using FRAP
despite contributing to the immobile fraction for both
methods.

Transient confinement similar to that reported here for
CFTRy;s.10 may contribute to the immobile fraction ob-
served when other proteins are studied using FRAP (46,47).
Our results suggest that transient confinement of membrane
receptors can be detected by comparing the results obtained
using FRAP and ICS. Further studies should examine
whether the chloride channel activity of CFTR is affected by
its entry into transient confinement zones.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www .biophys;j.org.
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