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ABSTRACT. To investigate microdomain association of the dopamine transporter (DAT), we employed
FCS (fluorescence correlation spectroscopy) and FRAP (fluorescence recovery after photobleaching). In
non-neuronal cells (HEK293), FCS measurements revealed for the YFP-DAT (DAT tagged with yellow
fluorescent protein) a diffusion coefficier®) of ~3.6 x 1079 cn¥/s, consistent with a relatively freely
diffusible protein. In neuronally derived cells (N2a), we were unable to perform FCS measurements on
plasma membrane-associated protein due to photobleaching, suggesting partial immobilization. This was
supported by FRAP measurements that revealed a Ibvagrd a mobile fraction of the YFP-DAT in N2a

cells compared to HEK293 cells. Comparison with the EGFP-EGFR (epidermal growth factor receptor)
and the EGFRB2AR (52 adrenergic receptor) demonstrated that this observation was DAT specific. Both
the cytoskeleton-disrupting agent cytochalasin D and the cholesterol-depleting agentAvmtblgldextrin

(mBCD) increased the lateral mobility of the YFP-DAT but not that of the EGFP-EGFR. The DAT
associated in part with membrane raft markers both in the N2a cells and in rat striatal synaptosomes as
assessed by sucrose density gradient centrifugation. Raft association was further confirmed in the N2a
cells by cholera toxin B patching. It was, moreover, observed that cholesterol depletion, and thereby
membrane raft disruption, decreased bothuthg andKy values for fH]dopamine uptake without altering

DAT surface expression. In summary, we propose that association of the DAT with lipid microdomains
in the plasma membrane and/or the cytoskeleton serves to regulate both the lateral mobility of the transporter
and its transport capacity.

The rapid removal of dopamine from the synaptic cleft is cal targets. The DAT is the primary target for widely abused
mediated by the presynaptically localized dopamine trans- psychoactive compounds, such as amphetamines and cocaine,
porter (DAT) that belongs to the SLC6 (solute carrier 6) whereas the SERT and NET are targets for antidepressant
gene family of Na/Cl- coupled transportersl3). The medicines {—3). Recently, the structure of a bacterial
DAT is closely related to the serotonin and norepinephrine homologue of the SLC6 carriers was determined at 1.65 A
transporters, and collectively, they make up the biogenic resolution 4). On the basis of this structure, and the wealth
amine transporter subfamilfL.{3). In addition to playing a  of information obtained from mutagenesis studgsgj, the
critical role in the termination of biogenic amine signaling, piogenic amine transporters are believed to be oligomeric
the biogenic amine transporters are important pharmacologi-proteins composed of functionally separate protomers each
containing 12 transmembrane segments in a fold unique to
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(8), the PDZ domain protein PICK19( 10), and C&"/ transport protein, and we provide evidence that the raft

calmodulin-dependent protein kinaskL). association might be critical for regulating transport capacity.
Membrane proteins, such as the biogenic amine transport-The study is the first to jointly describe the membrane

ers, might also be segregated into distinct plasma membranemobility of a biogenic amine neurotransmitter transporter and

domains with specific lipid compositions. These micro- compare FCS- and FRAP-generated diffusion coefficients

domains include so-called “lipid rafts” [recently renamed for membrane and cytoplasmic proteins. In addition, the data

“membrane rafts” 12)], which are defined as small (30 support the suggestion that the two techniques divulge more

200 nM) dynamic sterol- and sphingolipid-enriched struc- complementary than identical information about protein

tures. Membrane rafts are believed to compartmentalize lateral diffusion.

cellular processed 2—14), and accordingly, association with

membrane rafts might be important for the function of several EXPERIMENTAL PROCEDURES

membrane proteind 8—16). For the neurotransmitter trans- )

porters, evidence suggests that membrane raft association DNA ConstructsThe cDNA encoding YFP was fused to

regulates targeting and function of glutamate transporters, (N N-terminus of a synthetic human DAT gene (kindly

especially EAAT? (excitatory amino acid transporter ZJ)( provided by J. Javitch, Columbia University, New York, NY)

Membrane raft association has also been suggested for thé"d cloned into the pClHygro bicistronic mammalian expres-
SERT in brain synaptosomedq 19) and for NET in a sion vector 26, 27). EGFP-DAT+Ala (EGFP fused to the
trophoblast cell fine in which the NET is endogenously N-terminus of the human DAT) was generated as described

expressed 20). Interestingly, the data suggested that the Previously 0). FLAG-hDAT was generated by tagging the
membrane raft association of NET may be critical for N-términus of the synthetic human DAT gene with a FLAG

internalization of the transporter in response to protein kinase PItOPe (ASP-Tyr-Lys-Asp-Asp-Asp-Asp-Lys). The construct
C activation 20). was cloned into the pcDNA_3 mammalian expression vector
(Invitrogen). EGFP-PICK1 in the pEGFP N2 vector from
Clontech was kindly supplied by K. Dev (Novartis, Zurich,
Switzerland). EGFP-EGFR (epidermal growth factor receptor

The microenvironment and thus putative microdomain
association of a given protein can be studied with a broad

ariety of technologie . These include techniques based .
variety giesAl) e qu fused to EGFP) in pEGFP N1 (Clontech) and TfR-EGFP

on fluorescence that allow direct dynamic assessment of EGEP fused he O . t th forri
protein motions in living cells; i.e., microdomain association ( used to the C-terminus of the transferrin receptor)

is defined by altered lateral diffusion properties in the in pJPAS were kindly provided by B. van Deurs, University
membrane of the protein of interest. Two examples are FCSO]c Copenhagen, Denmark.
(fluorescence correlation spectroscopy) and FRAP (fluores- Cell Culture and TransfectionHEK293 and mouse
cence recovery after photob]eaching)l_x_ FCS emp|0ys a Neuro2a (N2a) neuroblastoma cells were maintained at
confocal microscope for visualizing the cells and a laser to 37 °C in 5% CQ in DMEM with Glutamax1 supplemented
define a very small volume (approximately 1 fL) which the With 10% fetal bovine serum and 0.01 mg/mL gentamicin
fluorescent molecules traverséz( 23) According|y, FCS (a” prOdUCtS from |nVitrogen). For transient tranSfectionS,
allows for real-time monitoring of fluorescently tagged ~1 million cells were transfected with-24 g of DNA/60
proteins in living cells and even is sufficiently sensitive to  Mm dish using either Lipofectamine in a 1:3 ratio (HEK293
detect single molecules2?, 23). Interestingly, FCS has  cells) or Lipofectamine 2000 (both from Invitrogen) in a 1:4
recently been used to assess the substrate binding stoichitatio (N2a cells). The cells were plated onte 2oly-b-
ometry and kinetics of the norepinephrine transporter with lysine-coated Lab-Tek eight-well coverglass chamber slides
the help of a fluorescent substra®4), FRAP is another ~ (Nalge Nunc International, Naperville, IL) 24 h after trans-
and more established technique for examining the mobility fection and analyzed 4872 h post-transfection in phenol
of fluorescent proteins in ||V|ng Ce"Qﬂ_, 25) It differs from red free media as indicated. For stable expression, HEK293
FCS in the larger size of the sampling area and also the largecells were transfected with bg of pCIHygro-YFP-DAT,
number of fluorescent molecules analyzed (thousands rathe@nd a stably transfected pool clone was selected using G418
than tens). In addition, FRAP experiments rely upon the (0.5 mg/mL) (Invitrogen). The cell lines were maintained in
destruction of fluorophores by bleaching to establish a 0.2 mg/mL G418.
background in which to examine fluorescence recovery in  Confocal Fluorescence Microscopy and FGonfocal
the bleached regior2(). images were obtained and FCS measurements performed
In this study, we test the hypothesis that the DAT is using an LSM 510 confocal microscope combined with the
associated with specific microdomains in the plasma mem- ConfoCor 2 system (Carl Zeiss, Jena, Germany). YFP-tagged
brane and that these operate to ensure proper spatial angroteins were excited at 514 nm with an argon laser through
temporal regulation of transporter function. We employ FCS a 40x water-immersion objective (C-Apochromat), and the
and FRAP to assess the membrane mobility of the humanexcitation was separated from the emission with a dichroic
DAT, tagged with yellow fluorescent protein (YFP-DAT) beam splitter. The resulting light was passed through a 530
in non-neuronal cells and neuronally derived cells. By nm long pass filter. For EGF-containing proteins, excitation
comparing the YFP-DAT with two other membrane proteins, was carried out at 488 nm and the emitted light measured
EGFP-tagged EGFR (epidermal growth factor receptor) and through a 530 nm long pass filter. The tunable filter of the
B2AR (52 adrenergic receptor), we obtain evidence for argon laser was used to create a low intensity to prevent
unique lateral diffusion profiles for each of the tested proteins photobleaching of the molecules. For purposes of FCS data
in HEK293 cells and Neuro2A (N2a) cells. We also find collection, the pinhole in front of the avalanche photodiode
that the unique diffusion properties of DAT likely are related was set to the manufacturer’s suggested value qQirm4o
to membrane raft and/or cytoskeleton association of the allow for optimized slice imaging with reduced out-of-plane
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fluorescence. FCS measurements were conducted at the peatnstitute of Laboratory Animal Resources on Life Sciences,
of fluorescence intensity, elucidated by perforgnanZ scan National Research Council, 1996). Rats were rapidly de-
of 1 um increments through the cell after it had been imaged. capitated, and the brains were collected in ice-cooled dishes.
The fluorescence temporal signal was recorded, and theThe striatum was rapidly dissected and collected in 10
autocorrelation functionG(t), which yields the rate of volumes (w/v) of 0.32 M cold sucrose. The tissue was
fluctuation decay averaged over many fluctuations and immediately homogenized using a Tefleglass homog-
reflects the particle number and the diffusion time (the half- enizer under chilled water and centrifuged at 19@@r 15

time for correlation decayry), was calculated with the  min at 4°C. The resulting supernatant was centrifuged at
internal correlator. Curve fittings were carried out using 1500@ for 20 min, and the pellet was washed by being
ConfoCor, with a triplet state identified in the fitting, and resuspended in 0.32 M sucrose. The synaptosomes were
two-dimensional fitting approximated by setting the structure suspended in regular KRH buffer saturated with 95%aad
parameter to 1000 (structure parameter5 for three- 5% CQ. Protein concentrations were determined by DC
dimensional fitting). The beam waist of the 514 and 488 nm protein assay (Bio-Rad) using bovine serum albumin as a
laser lines was calculated to be 0.18 and Quiv® respec- standard. The purified synaptosomal preparation was used
tively, on the basis of the known diffusion coefficient of immediately for experiments. The striatum was pooled from
rhodamine in solution = 28 x 10° m?/s). The diffusion four rats for an experiment, and all the experiments were
coefficients of the labeled proteins were determined using repeated at least three times.

the calibrated beam waist and the diffusion time obtained Membrane Raft Isolation by Sucrose Gradient Centrifuga-

from the autocorrelation curve via the equati@8)( tion. Sucrose gradient centrifugation was used to separate
membrane rafts as described previoushg, (20). For
D= a)12/4rD (1) experiments performed on cells, transiently transfected N2a

cells expressing FLAG-hDAT were lysed in MBS buffer [25

wherew; is the beam waist and} is the diffusion time. A mM MES and 150 mM NaCl (pH 6.5) containing 0.4%
minimum of three cells from at least three separate experi- Triton X-100 and protease inhibitors AM pepstatin A,
ments were examined. The autocorrelation curve was gener250u4M PMSF, 1 mg/mL leupeptin, and/Ag/mL aprotonin].
ated from 10x 10 s data collections. All experiments were The extraction procedure ensured a detergent:protein ratio
carried out at 22C. of 10—15. Equal volumes of 80% (w/v) sucrose were added

Fluorescence Recery after PhotobleachingCells were to the homogenate. All sucrose solutions contained the
transfected and plated as described above. Appropriate cellsame buffer composition, detergent, and protease inhibitors.
for FRAP examination were visualized with the LSM 510 Lysed samples (3.8 mL) in 40% sucrose were overlaid
confocal microscope using the laser lines and filters describedsuccessively with 3.8 mL of 30% sucrose and 3 mL of 5%
above. Spot photobleaching using circular regions of interestsucrose in a Beckman SW41 ultracentrifuge tube. Following
(ROIs) 1-3 um in diameter were placed on the membrane centrifugation at 1880@pfor 18 h at 4°C, 0.9 mL fractions
or cytoplasm of the visualized cell, followed by illumination were collected from the top. Total proteins in each fraction
of the region with the appropriate laser line to obtain-30 were precipitated with 10% cold trichloroacetic acid,
70% bleaching compared to the prebleach image. The pinholewashed in acetone, air-dried, and subjected to 4 to 15% linear
was kept fully open to ensure complete bleaching through gradient SDSPAGE. The proteins were transferred to
the cell. The transmission intensity was no higher than 1%, PVDF membrane, and the presence of DAT and other
and the bleaching of the sample due to imaging was proteins was assessed by immunoblotting with specific
negligible according to experiments with fixed cells (data antibodies 20). For detection of GM1, 1QuL of each
not shown). Data were collected every 500 ms for an averagefraction was applied to a nitrocellulose membrane using
of 1 min. Measurements up to 5 min were also performed, dot-blot apparatus (Bio-Rad) and probed with 10 ng/mL
with no change in diffusion time or mobile fraction observ- horseradish peroxidase-coupled cholera toghsubunit
able after the first minute. Images were processed with (CTB).
Photoshop 6.0 (Adobe, San Jose, CA), and recovery curves For experiments on synaptosomes, the striatal synapto-
were calculated using nonlinear least-squares fits in ORIGIN somes (prepared as described above) were suspended at a
5.0 (OriginLab, Northampton, MA) set to the general density of 5 mg of protein/mL of MBS buffer [25 mM MES
equation for FRAP as described by Yguerabide et28).( and 150 mM NacCl (pH 6.5) containing 0.4% Triton X-100
The diffusion coefficient was determined using eq 1, where and protease inhibitorsAM pepstatin A, 25M PMSF, 1
w is the radius of the ROI set in the Zeiss program and the mg/mL leupeptin, and kg/mL aprotonin] 29). Synapto-
7p is determined from the fit of the recovery curve. Because somes were lysed using a Dounce homogenizer with 10 up
the thickness of the cell was smaller than the bleachedand down strokes at 4C and then passed through a 27.1/2
volume in thez direction, eq 1 was used to determine gauge needle. Equal volumes of 80% (w/v) sucrose were
diffusion coefficients for cytoplasmic and membrane pro- added to the homogenate. All sucrose solutions contained
teins. Three to six cells were examined in each experiment; the same buffer composition, detergent, and protease inhibi-
experiments were performed a minimum of three times. tors. Lysed samples (4 mL) in 40% sucrose were overlaid
Results are reported as the averagthe standard error. Al successively with 4 mL of 30% sucrose and 3 mL of 5%
measurements were carried out at°22 sucrose in a Beckman SW41 ultracentrifuge tube. Following

Preparation of Synaptosomeshe housing and care of centrifugation at 1880@pfor 18 h at 4°C, 1 mL fractions
the rats [male, Sprague-Dawley rats (Charles-River, Wilm- were collected from the top. The pellet was resuspended in
ington, MA), weighing 206-250 g] followed the guidelines 1 mL of detergent buffer by brief sonication. Total proteins
of the Guide for the Care and Use of Laboratory Rats in each fraction were precipitated as described for the
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experiments on cells with 10% cold trichloroacetic acid, containing 0.2% BSA. After the incubation, the cells were
washed in acetone, air-dried, and subjected to 4 to 15% linearinsed three times in ice-cold PBS. For the unpatched
gradient SDS PAGE. Immunoblotting and CTB dot blots  condition, cells were fixed in 4% paraformaldehyde in PBS
were performed as described above for the experiments withand rinsed three times in PBS. The specimens were subse-
cells. guently mounted in AntiFade (Molecular Probes) on glass
Uptake ExperimentsUptake assays in cells were per- slides. Patching of CTB was achieved by incubating the cells
formed using [2,5,6H]dopamine (721 Ci/mmol) (Amer-  wijth rabbit anti-CTB (1:100 in DMEM-HEPES and 0.2%
sham, Little Chalfont, U.K.). The'Hl]dopamine uptake assay BSA; Sigma) for 20 min at 37C. The cells were then
was performed on whole cells 3 days after transfection. The removed from the incubator, rinsed three times in ice-cold
day after transfection, the cells were seeded a't a density ofpgs fixed in 4% paraformaldehyde for 20 min on ice, and
0.5 x 10 cells/well in 24-well plates coated with 20 mg/  mounted with SlowFade (Molecular Probes) on glass slides.
mL poly-D-lysine (Sigma) in PBS (phosphate-buffered saline) gpecimens were examined using a Zeiss LSM510 confocal
buffer. After the plates had .been seeded, they were left for laser microscope with an oil immersion 8L.4NA objec-
5\/ :riy?/vg]srt\r;?j Igﬁggaitr?r.zg@rll_oro;out:)]t(;keex%i?fn;fTSSthrﬁl\;elIS tive, using instrument settings avoiding cross talk between
: channels, and pixel saturation. Images were obtained through
HEPES (pH 7.4) with 130 mM NaCl, 5.4 mM K.Cl’ 12mM the center of the cell with an estimated section thickness of
Cach, 1.2 mM MgSQ, 1 mM L-ascorbic acid, 5 mM 0.7 um. Quantification of colocalization was achieved using

D-glucose, and kM catecholO-methyltransferase inhibitor o .
) ! the RG2B colocalization plug-in to ImageJ (W. S. Rasband,
R0 41-0960 (Sigma)]. Next, 200L of uptake buffer and a1 Institutes of Health, Bethesda, MD, 199006)

25ulL of unlabeled dopamine (RBI, Natick, MA) were added .
(final assay concentrations of dopamine ranged from 10 nM as described by Chmelar and Ngthansﬁ@).(The plasma
to 1 mM). Uptake was initiated by addition 6£90 nM membrane area of cells expressing the EGFP-tagged DAT

[*H]dopamine in 25L of uptake buffer. After incubation or TfR was defined as the region of interest to avoid noise
for 3 min at 37°C, the cells were washed twice with 250 from untransfected cells and nonspecific staining. A mini-
uL of ice-cold uptake buffer, lysed in 256 of 1% sodium mum threshold pixel intensity of 50 was set for eac_:h char_mel
dodecyl sulfate (SDS), and leftifd h at 37°C. All samples to redl_Jce background noise, and the minimum ratio for pixel
were subsequently transferred to 24-well counting plates INtensity between the two channels was set to 0.5. Results
(Perkin-Elmer Life Sciences, Boston, MA) followed by are displayed as percent colocalization as determined by
addition of 400uL of Opti-phase HiSafe 3 scintillation dividing the area of colocalization pixels by the total area
fluid (Perkin-Elmer Life Sciences). The samples were over the threshold of the limiting channel (Alexa-647 CTB).
counted in a Wallac Tri-Luy scintillation counter (Perkin-  Fifteen or sixteen cells were used for quantification under
Elmer Life Sciences). All determinations were performed each condition. Statistical significance was determined using

in triplicate. a Student'st-test. Differences were considered significant
Uptake experiments on synaptosomes with DA were whenp < 0.05.
performed essentially as described previous§).(Briefly, Surface BiotinylationTransiently transfected N2a cells

25-50 ug of purified synaptosomes was incubated in \yere seeded in six-well plates at a density of 400 000 cells/
250 ul of Krebs-Ringer-HEPES (KRH) buffer (120 mM | After 2 days, the cells were treated with DMEM with
NaCl, 4.7 mM KCl, 2.2 mM CaGl 10 mM HEPES, 1.2 o \ithout mBCD for 30 min at 37C. The cells were
mM MgSQ;, 1.2 mM KHPQ,, 5 mM Tris, and 10 MM\ aghed in ice-cold PBS (phosphate-buffered saline) and
D-glucose) containing 0.1 mM ascorbic acid, 0.1 MM |apeled with Sulfo-NHS-SS-Biotin (Pierce Research Chemi-
pargyline, and 40 nM_H]DA for at pH 7.4 3 min. cals Inc.) for 40 min on ice. The remaining Sulfo-NHS-SS-
Synaptosomes were preincubated with 0D (3.75 mM) Biotin was removed and quenched with two washes in TBS

and or DAT inhibitor at 37°C for 10 min followed by the : . o : .
- o ' (Tris-buffered saline). Cells were solubilized in TBS contain-
addition of PH]DA. Nonspecific PH]DA uptake was defined ing 1% Triton X-100, 0.1% SDS, and a protease inhibitor

as the accumulation in the presence of @M nomifensine ; : : .
and was subtracted from total uptake. Uptake was terminatedmlxture table_t (Roche D|agnqst|cs). After the m|xture_was
rotated 10 min, insoluble debris was removed by centrifuga-

with the addition of 3 mL of ice-cold PBS followed by rapid . X o _
filtration over 0.3% polyethylenimine-coated GF-B filters on tion (2000@ for.30 min ,at 4°C). Regultmg super.natant.s
5 (500ug of protein) were incubated with monomeric avidin

a Brandel cell harvester. Filters were washed rapidly with :
mL of cold PBS, and radioactivity bound to the filter was P€ads (17%L) (Pierce) fa 1 h atroom temperature. The

counted with a liquid scintillation counter. Mean values of P&ads were washed four times with solubilization buffer

specific uptaket the standard error of at least three separate Pefore elution with SQuL of 2x loading buffer [100 mM
experiments were determined. Tris-HCI (pH 6.8), 20% glycerol, 10% SDS, 0.1 M DTT,

Cholera Toxin PatchingN2a cells transiently tranfected ~and 0.2% bromophenol blue] for 30 min at room temperature.
with either pCIHygro EGFP-DAT or pJPA5 TfR-EGFP were  The eluates were analyzed by 10% SHAGE, transferred
seeded on glass cover slides treated with polyornithine in to a nitrocellulose membrane, and blotted with MAB369 anti-
six-well plates (250 000 cells/well). The cells were used for DAT antibody (Chemicon) and secondary horseradish per-
experiments 3 days after transfection. Cholera toxin patching oxidase-coupled goat anti-mouse antibody (Pierce) in block-
was performed essentially as described by Chmelar anding solution (TBS buffer with 5% Carnation dry milk and
Nathanson30). In brief, cells were incubated on ice for 30 0.05% Tween 20). The protein was visualized with BEL
min with Alexa-647-conjugated cholera toxif-subunit according to the manufacturer's protocol (Amersham
(CTB, 10 ug/mL) (Molecular Probes) in DMEM-HEPES  Biosciences).
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Ficure 1: FCS analysis in HEK293 cells expressing YFP-DAT, EGFP-EGFR, or EGFP-PICK1. The indicated constructs [(A) YFP-DAT,
(B) EGFP-EGFR, and (C) EGFP-PICK1] were stably expressed in HEK293 cells, and FCS measurements were tdkeasati@gcribed
in Experimental Procedures. Confocal images (left panels) were captured using an argon laser with a 488 nm line for EGFP and a 514 nm
line for YFP. The middle panels depict representative 10 s measures (out of 10) of the fluorescence intensity fluctuations from which the
autocorrelation function&(t) were calculated. The fluctuations are reflective of the fluorescence signal from the fluorescent molecules
traveling through the confocal volume. The right panels show autocorrelation functions calculated with the internal correlator from the
fluorescence intensity fluctuations shown in the middle panels. The diffusion tirmesdrresponding to the half-times for the correlation
decay were determined from each of the autocorrelation functions and the indicated diffusion coeflidiere@nst standard error of at
least three independent experiments) calculated via the eqixtiom;%/4tp, wherew is the beam waist angh is the diffusion time 29).
An X has been placed on the cell image indicating where the FCS measurement was taken. The X corresponds to the membrane region
above the nucleus for YFP-DAT and EGFP-EGFR and corresponds to the cytosol for EGFP-PICK1.

RESULTS fluorophore 82, 33) and a longer diffusion time (the half-
FCS was performed using the commercially available time for correlation dec_aqu) of approximately 20 ms fpr
ConfoCor2/LSM 510 system from Zeiss, which allows for the fluorescent DAT (Figure 1A). From the diffusion time

both imaging of the fluorescent protein and examination of 7o We calculated the diffusion coefficieBtusing eq 1 (see
its dynamic properties. To evaluate the amenability of FCS Experimental Procedures) to be (3.620.22) x 107° cn¥/

to our transporter, we established a pool clone of HEK293 S, Which suggests a relatively freely diffusible membrane
cells stably expressing the hDAT tagged at the N-terminus protein in the HEK293 cells34). Note that similar diffu-
with YFP (YFP-DAT). This tag did not significantly alter ~ sional properties were observed for YFP-DAT transiently
the functional properties of the transporter as assesséd]in [  transfected into HEK293 cells (data not shown). For com-
dopamine uptake experiments (data not shown) and inparison, we expressed EGFR tagged with EGFP in HEK293
agreement with previous datd8l). Representative results cells. EGFP-EGFR displayed a somewhat slower diffusion
shown in Figure 1 show that YFP-DAT was almost exclu- than YFP-DAT P = (1.62+ 0.22) x 1072 cn¥/s vs (3.62
sively expressed at the plasma membrane with little or no 0.22) x 109 cn¥s (Figure 1B)]; however, the value was
intracellular staining. FCS readings from these cells provided directly comparable to previously reported values for this

a proper fluctuating fluores_cent signal derived from the receptor in Chinese hamster ovary cells using FCS [1.6
fluorescent molecules traveling through the confocal spaceo_g) « 10 cnls] (35). For additional comparison, we

(Figure 1A). The count rate was stable as reflected by a low analyzed a cytosolic protein. We chose PICK1, an interaction
threshold of background noise (experimentally determined : . !
g (exp y partner of the DAT 9, 10). Transfection of PICK1, tagged

as 2-5 kHz) and a lack of bleaching over the measuring _ : X
time (Figure 1A). On the basis of the readings, the _at the N-term|r_1us_ Wlt_h EGFP, into H_EK2_93_ cells resulted
fluorescence fluctuation autocorrelation function was calcu- in @ uniform distribution of the protein within the cytosol
lated. The calculated functio®(z), which yields the rate of ~ (Figure 1C). As expected, FCS revealed a significantly faster
fluctuation decay averaged over many fluctuations, was diffusion coefficient [(12.8+ 1.4) x 107° cn¥/s (Figure 1C)]
biphasic with a shorter diffusion time of approximately for EGFP-PICK1 compared to those obtained for YFP-DAT
100 us representing the photophysical properties of the and EGFP-EGFR (Figure 1A,B).
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Ficure 2: FCS analysis of EGFP-PICK1 alone and upon coexpression with DAT. (A) Confocal images of HEK293 cells expressing
YFP-DAT, EGFP-PICK1, and the DAT with EGFP-PICK1. The images were captured using an argon laser with a 488 nm line for EGFP
and a 514 nm line for YFP. (B) Autocorrelation curves for the indicated constructs. The autocorrelation fuB{javere calculated from
the raw fluorescence fluctuation data with the internal correlator. (C) Calculated diffusion coeffié@riteganst standard errom =

10). The diffusion timest) corresponding to the half-times for the

correlation decays were determined from each of the autocorrelation

functions and the indicated diffusion coefficiedscalculated via the equatiod = w,%47p, wherew is the beam waist and; is the

diffusion time @9).

We also stably expressed EGFP-PICK1 together with the
DAT and compared those cells with cells stably expressing
only EGFP-PICKL1. Coexpression with the DAT resulted in
recruitment of PICK1 to the plasma membrane (Figure 2A).
Examination of the diffusion coefficient of EGFP-PICK1
with the DAT showed that the fluorescent protein acquired
a much slower diffusion, similar to that observed for YFP-
DAT (Figure 2B). The data support the possibility of using
FCS and thus diffusion properties to assess a cellular
protein—protein interaction.

Next we compared the lateral mobility of the DAT in
HEK293 with that in neuronally derived Neuro2A (N2a)
cells. In these cells, YFP-DAT was expressed at high levels
at the plasma membrane and was fully functional (data not
shown). We were, however, unable to perform a reliable FCS
analysis in the N2a cells transiently expressing YFP-DAT
due to massive bleaching of fluorescent molecules. This

bleaching phenomenon observed in the count rate is mani-

fested as a flat autocorrelation curve and most likely indicates
a relative immobilization of YFP-DAT in N2a cells (Figure

1.1 e YFPDAT in HEK 293 cells

1.08% a4 YFPDAT in N2A cells
™,

1.06]

O 1.04]

1.024,, »
NI
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Ficure 3: Photobleaching of YFP-DAT in N2a cells but not in
HEK293 cells. Two representative autocorrelation curves were
obtained from YFP-DAT in HEK293 cells) and N2a cells 4).

The autocorrelation function§(t) were calculated from the raw
fluorescence fluctuation data with the internal correlator. The lack
of correlation for YFP-DAT in N2a cells as reflected in the flat
autocorrelation curve is likely due to a constant bleaching of
fluorescent molecules in the confocal volume, consistent with an
immobile or slowly moving population of fluorescent molecules.

The inability to measure a diffusion time for YFP-DAT
expressed in N2a cells using FCS led us to another technique
for assessing protein dynamics, FRAP. We assayed the

3). Note that similar bleaching behaviors have been seen indiffusion of YFP-DAT in N2a cells using a circular bleach

other FCS studies in mammalian cel86). Our inability to
perform FCS on YFP-DAT in N2a cells was not a general
phenomenon. By analyzing N2a cells transiently expressing
EGFP-PICK1, we were able to capture reliable FCS data

spot with an average diameter of®. The bleaching was
performed at the edge of the membrane, and a representative
bleaching and recovery of YFP-DAT in N2a and HEK293
cells is shown in panels A and B of Figure 4. The white

with a stable count rate (i.e., the photon counts per moleculearrow indicates the bleached region and its subsequent

per second) and a calculated diffusion coefficientdfl x
107° cn/s (data not shown), which corresponded well with
the value obtained for PICK1 expressed in HEK293 cells
(Figure 1C).

recovery. The collected images and the resulting recovery
curve showed, as would be predicted from our inability to

use FCS, an overall slower diffusion in N2a cells compared
to HEK293 cells with diffusion coefficients)) of (0.127
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Ficure 4: Lateral mobility of YFP-DAT in HEK293 cells and N2a cells assessed by FRAP. (A) Visual comparison of YFP-DAT fluorescence

at indicated time points after photobleaching in N2a and HEK293 cells. The bleached spot is indicated by the arrows. (B) Fluorescence
recovery curves for YFP-DAT in N2a and HEK293 cells. Bleaching was done to approximately 35% of the initial fluorescence, upon
which recovery was measured as indicated by the curves. The data are shown as the normalized fluorescence intensity as a function of time
(seconds). (C) Diffusion coefficients and mobile fractions calculated on the basis of FRAP experiments in N2a and HEK293 cells. The
FRAP measurements and calculations were performed as described in Experimental Procedures. Data #rstaretard errom(= 10).

Two asterisks indicate p of <0.01 and three asteriskspaof <0.001 -test).

that distinct membrane proteins associate with different
respectively p < 0.01, t-test). Furthermore, the mobile ensembles of cellular proteins and lipid environments that
fraction of YFP-DAT, defined as the maximum fractional in turn might result in distinct mobility in the plasma
recovery estimated from the recovery curves, was markedly membrane.

smaller in N2a cells (3& 3%) than in HEK293 cells (69 To explore the molecular basis for the relative immobiliza-
2%, p < 0.0001,t-test) (Figure 4D). To control for the  tion of YFP-DAT in N2a cells, we first tested the hypothesis
possibility of bleaching during image acquisition in FRAP, that interaction with PDZ domain-containing scaffolding
cells expressing YFP-DAT were fixed and a bleaching profile proteins was critical for microdomain association of YFP-
was gathered. After the initial bleaching of an area to DAT in N2a cells. This hypothesis was fueled by the finding
approximately 50% of its original fluorescence, we monitored that PICK1, a PDZ domain-containing scaffolding protein
any bleaching due to scanning the image; however, thethat binds the DAT C-terminu®(10), is strongly expressed
observed bleaching was negligible (data not shown). Note in N2a cells (J. Fog and U. Gether, unpublished observation).
that the diffusion coefficientld) for YFP-DAT in HEK293 Accordingly, we expressed in N2a cells a mutant DAT with
cells obtained with FRAP is almost one order of magnitude an extra alanine added to the C-terminus, a mutation known
smaller than that obtained with FCS. As discussed later, weto disrupt the interaction between the DAT and the PDZ
believe that this apparent discrepancy reflects some inherentdomain proteins of PICK110). In contrast to our expecta-

+ 0.012) x 109 and (0.307+ 0.035) x 109 cn¥/s,

differences in what the two techniques measure.

tions, the mutant (EGFP-DATFAla) exhibited a similarly

To assess whether other membrane proteins have aslow diffusion coefficient like that of YFP-DAT, and in

differential diffusion and mobile fraction in N2a as compared
to HEK293 cells, we performed FRAP analysis for EGFP-
EGFR (epidermal growth factor receptor) and EGFAR
(B2-adrenergic receptor). In HEK293 cells, the diffusion
coefficients for EGFP-EGFR exhibited little difference from
that of YFP-DAT, but EGFRB32AR was significantly slower
than YFP-DAT (Figure 5A). However, the mobile fraction
of EGFPA2AR was not different from YFP-DAT, whereas
the mobile fraction for EGFP-EGFR was significantly greater
(Figure 5B). A different picture emerged in N2a cells, with
EGFP-EGFR and EGFB2AR both displaying significantly
faster diffusion coefficients compared to that of YFP-DAT
(Figure 5C). Correspondingly, the smaller mobile fraction
observed for YFP-DAT was not observed for EGFPAR

addition, the mobile fraction was unchanged (Figure 5).
Next, we wanted to test the hypothesis that the low lateral
mobility of YFP-DAT in N2a cells was the result of
association of the DAT with membrane rafts and/or the
cytoskeleton. We applied raft-disrupting and cytoskeleton-
disrupting reagents and examined their effect on the lateral
diffusion of the DAT in the plasma membrane. Application
of the cholesterol-extracting reagen@€D (13) caused a
significantly faster lateral diffusion of YFP-DAT in the
plasma membrane (Figure 6A). Similarly, we observed that
the cytoskeleton-disrupting agent cytochalasin Du{?)
significantly enhanced the diffusion coefficient for YFP-
DAT. In contrast, lateral diffusion did not change for EGFP-
EGFR in response to eitherd@D or cytochalasin D (Figure

or EGFP-EGFR (Figure 5D). The results support the notion 6B). With regard to the mobile fractions we observed for
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Ficure 5: FRAP analysis of YFP-DAT in comparison to EGFP-DAAla, EGFP-EGFR, EGFB2AR, and EGFP-PICK1 in HEK293
and N2a cells. (A and B) Diffusion coefficients and mobile fraction recovery for YFP-DAT, EGFP-DX3, EGFP-EGFR, EGFPB2AR,

and EGFP-PICK1 in HEK293 cells. (C and D) Diffusion coefficients and mobile fraction recovery for YFP-DAT, EGFR-BIATEGFP-
EGFR, EGFP52AR, and EGFP-PICK1 in N2a cells. Data are meanthe standard error of at least five independent experiments. Two
asterisks indicate p of <0.0025 and three asteriskspeof <0.001; significance in each case is in comparison to YFP-DAT (one-way

ANOVA with Bonferroni’'s multiple-comparison test).

YFP-DAT, minor though statistically insignificant increases with anti-CTB antibodies, bringing complete lipid micro-

in the mobile fractions (53t 4% for mBCD and 47+ 6.0
for cytochalasin D vs 43 3% for control, means: standard
error;n = 7—12). For EGFP-EGFR, the mobile fractions
were 70+ 3% for EGFP-EGFR and vehicle, 25 2% for
EGFP-EGFR and CD, and 774 12 for EGFP-EGFR and
cytochalasin D (meang standard errorn = 3). Taken

domains together in distinct microscopically visible patches
within the membrane3Q, 37, 38). The experiments were
performed in N2a cells transiently expressing either EGFP-
DAT or TfR-EGFP (transferrin receptor tagged with EGFP).
Given that the TfR is usually not associated with membrane
rafts 37), we chose this molecule as a negative control for

together, the results indicate that raft association of the DAT our experiments. In the transfected N2a cells, EGFP-DAT
and/or cytoskeleton association is important for the unigue was evenly distributed in the plasma membrane (Figure 8A).

lateral diffusion properties of YFP-DAT in N2a cells.

Similarly, staining of the cells with Alexa-647-conjugated

To address biochemically whether DAT was associated CTB (Alexa647-CTB) resulted in a uniform staining of the
with membrane rafts, we prepared extracts with 0.4% Triton plasma membrane, and an overlay of the images indicated
X-100 from N2a cells transiently expressing the DAT and quite extensive colocalization (Figure 8A). Patching of the
performed sucrose density gradients. The proteins from thebound Alexa647-CTB with anti-CTB antibody resulted in a

different fractions were separated by SBISAGE followed

by immunoblotting. As illustrated in Figure 7, a significant

markedly more punctuate staining (Figure 8B). It also
resulted in a more punctuate localization of EGFP-DAT that

fraction of the DAT protein was found in the membrane raft corresponded well to that seen for Alexa647-CTB (Figure
fractions. The membrane raft fractions were confirmed by 8C). The overlap was not complete48% colocalization)

the presence of membrane raft markers caveolin (not shown)as would be expected on the basis of the sucrose gradient
and GM1 glycosphingolipids (Figure 7), and non-membrane data indicating only partial raft association of the DAT

raft fractions were confirmed by the presence of ia-

(Figure 7). Our control protein, TfR-EGFP, was also found

ATPase (Figure 7) and the transferrin receptor (not shown). in the plasma membrane but exhibited a more punctuate
The localization of GM1 was detected by dot blotting with expression pattern also in nonpatched cells. Note that TfR-
horseradish peroxidase-conjugated cholera toxin B-subunitEGFP as expected also was found intracellularly where it

(CTB) (Figure 7).

likely was associated with recycling endosomes (Figure 8).

To further assess putative localization of the DAT to As a consequence of the more punctuate expression of TfR-

membrane rafts, we employed a CTB patching prota80) (
37, 38). CTB pentavalently binds GM1 sphingolipids,

EGFP in the plasma membrane, an overlay with the
Alexa647-CTB image indicated less apparent colocalization

resulting in coclustering of raft-associated proteins. This of the two proteins as compared to that seen for EGFP-DAT
clustering can be further enhanced by cross-linking of CTB and Alexa647-CTB (Figure 8). Patching did also not alter
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Ficure 6: Effect of cholesterol depletion and cytoskeleton disrup-
tion on the lateral mobility of YFP-DAT and EGFP-EGFR in N2a
cells. (A) Diffusion coefficients obtained by FRAP for YFP-DAT
in N2a cells without and with incubation with 10 mM meth3d-
cyclodextrin (n8CD) or 2 uM cytochalasin D. (B) Diffusion
coefficients obtained by FRAP for EGFP-EGFR in N2a cells
without and with incubation with 10 mM ACD or 2 uM
cytochalasin D. Data are meattsthe standard erron(= 3). Two
asterisks indicate pof <0.0025 and three asteriskpaf <0.001
(one-way ANOVA with a Kruskat-Wallis post hoc test).
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FiIGUre 7: Presence of DAT in membrane raft and non-membrane
raft fractions from N2a cells expressing DAT. N2a cells transiently
expressing DAT were extracted with 0.4% Triton X-100, and
sucrose density gradients were performed as described in Experi-
mental Procedures. The proteins from fractiorsl@ (from top to
bottom) were separated by SBBAGE and probed with antibodies
against the indicated proteins. DAT proteins are found both in
membrane raft fractions {36) and in non-membrane raft fractions
(7—10). Membrane raft fractions were confirmed by the presence
of the membrane raft marker GM1, and non-membrane raft fractions
were confirmed by the presence of the Na"-ATPase. The
localization of the membrane raft marker ganglioside (GM1) was
detected by dot blotting with horseradish peroxidase-conjugated
cholera toxin B-subunit (CTXB) as described in Experimental
Procedures. Representative immunoblots of five independent
experiments are shown.

surface of the wells to withstand the repetitive washes
required in our uptake assay.

The experiments described above were performed on
transfected cells. We decided, therefore, also to test mem-
brane raft association and the functional effects of cholesterol
depletion on striatal synaptosomes containing endogenously
expressed DAT. In agreement with our data obtained in N2a
cells, sucrose density gradient experiments with rat striatal
synaptosomes showed clear association of the DAT with the

the punctuate expression pattern at the plasma membrane ofnembrane raft fractions as determined by colocalizattion with
TfR-EGFP. Moreover, the punctuate pattern observed for GM1 g|ycosph|ngo||p|ds (Figure 10A) In further agreement

patched Alexa647-CTB colocalized markedly less with TfR-
EGFP than the DAT (Figure 8C). The calculated colocal-
ization of Alexa647-CTB with TfR-EGFP was30%, which

is comparable to what others have calculated for non-raft-

associated proteins using a similar quantification meti36d (

with our data in N2a cells, treatment withA@D caused a
marked reduction in the rate oi{]dopamine uptake in the
striatal synaptosomes (Figure 10B).

Table 1 shows the comparison of diffusion coefficients
generated by FCS and FRAP in HEK293 cells for YFP-DAT,

37, 38). Taken together, the data provide additional support EGFP-PICK1, and EGFP-PICK1 with the DAT. From these,

for partial localization of the DAT to membrane rafts.

it appears that whereas th# values for the cytoplasmic

To investigate whether membrane raft association of the protein EGFP-PICK1 were similar for both FCS and FRAP,

DAT plays a role in transport function, we investigated the
effect of mBCD on [PH]dopamine uptake. The treatment
caused a marked reduction both in ¥g value for uptake
(Figure 9) and in th&y value [control,Ky = 0.57+ 0.11
uM; mpCD, Ky = 0.18+ 0.04uM (meanst standard error;
n=3,p < 0.05)]. Note that both in the presence and in the
absence of MCD the uptake curves displayed a Hill
coefficient close to unity (Figure 9A). The alteration in the

those for the membrane-localized proteins exhibited an order
of magnitude difference between the two techniques. Because
the differences lie only in measurements for membrane
proteins, we speculated that this incongruity stems from the
differential measuring of dissimilar microenvironments in
the plasma membrane by the two methods. If this were the
case, we would expect that reagents that can alter the physical
properties of the plasma membrane might have a different

uptake parameters was not associated with a change in thémpact on the measured lateral diffusion. In agreement with
amount of surface-expressed DAT as assessed by surfacéhis prediction, we found that HEK293 cells treated with
biotinylation experiments (Figure 9B,C). Thus, although an filipin (5 ug/mL, 1 h, 37°C), which is known to cause cross-

indirect effect of n8CD cannot be ruled out, the data suggest
that raft association and/or cholesterol is critical for optimal
DAT function. Unfortunately, we were unable to obtain

linking of cholesterol in the membrane, caused a deceleration
of diffusion according to FRAP while diffusion was enhanced
according to FCS (Figure 11A,B). Treatments witff@D

reliable uptake when we treated the cells with cytochalasin (10 mM, 30 min, 37°C) recapitulated this effect, although

D; i.e., the treated cells did not adhere sufficiently to the

to a lesser degree (data not shown), and cytochalasin D
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Ficure 8: EGFP-DAT colocalizes with patched CTB. (A) N2a cells expressing either EGFP-DAT or TfR-EGFP were labeled with Alexa647-
CTB and analyzed by confocal microscopy as described in Experimental Procedures. The left column shows the fluorescence from EGFP-
tagged protein, the middle column the fluorescence from Alexa647-CTB, and the right column a merging of the two other images. (B)
Labeling as in panel A with a subsequent patching with anti-CTB antibody. The scale barris 2C) Quantification of the colocalization

between patched CTB and TfR-EGHRP= 15 cells) or EGFP-DAT{ = 16 cells) as represented by the images in panel B. Data are means

=+ the standard error. The asterisk indicatgs @ <0.05 compared to the value for TfR-EGFPtést).

(2uM, 10 min, 37°C) did not significantly alter the diffusion
coefficients for either FCS or FRAP in the HEK293 cells
(data not shown).

DISCUSSION

employed a series of biophysical, biochemical, and pharma-
cological techniques in two different cellular systems. Our

work included the use of FCS and FRAP to test the lateral
mobility of the DAT in the plasma membran22 23). FCS

is very gentle to the tissue sample as the fluorescence

To assess microdomain association of the DAT and the intensity that is employed is very low. Moreover, because

putative functional implications, we have in this study

the technique utilizes a very small volume, data are obtained
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Ficure 9: Effect of cholesterol depletion on the functional activity FIGURE 10: Presence of DAT in membrane raft fractions from rat

anﬁ S”rfgge exprasaion of hDATtiT( N2a &%”S' (A”) EtﬁeCt.Of tllo striatal synaptosomes and effect of cholesterol depletion on syn-
mM mBCD on PH]dopamine uptake in N2a cells transiently ooi050mal dopamine uptake. (A) Presence of DAT in membrane

{ehxpressing hDAT. Data are %il‘gentat‘ﬁ cou dnts tpedr minute t(CtPM) N raft fractions from rat striatal synaptosomes. Synaptosomes were

f%a sence or pr(reéentce é"ﬁ d a ?tlr'] ll_cate dc?nce_n r‘:‘. I0NS  extracted with 0.4% Triton X-100, and sucrose density gradients
of dopamine (means standard error of triplicate determinations). \yere performed. The proteins from fractions-a (from top to
The experiment that is shown is representative of three identical i, ,1m) were separated by SDBAGE and probed with antibodies
experiments with similar results. The curves were derived from o oaingt the indicated proteins. DAT proteins are found both in
nonlinear regression analysis of the uptake data. The Hill coef- omprane raft fractions (35) and in non-membrane raft fractions
fICIe?tSthI’ thtehgbjrves tlhat fare i{h(éwn ard.0l t? _ko'979' Thft (7—10). Membrane raft fractions were confirmed by the presence
'nS%DSt OWtS iy va uetO; y ]t Ofam'ggsgf ade Seen after  of the'membrane raft marker GM1. Representative immunoblots
TﬁS rﬁa m]?n In dp_ertc_enl_ 0 tc'otﬂ ro [tme_ o d‘?‘” tar airéo(% of three independent experiments are shown. (B) DAT activity in
= 2, each periormed In riplicate, the astensk indicatpoa =u. striatal synaptosomes with or without pretreatment with 3.75 mM
(t-test)]. (B) Surface biotinylation experiment showing unchanged 305 "Rat striatal synaptosomal preparations were preincubated
surface expression of DAT in N2a cells upon treatment with 10 |, : °

M - . with msCD (3.75 mM) for 10 min at 37°C followed by

mM mpCD. The surface biotinylation experiments were performed oo\ rement of the rate GH]dopamine uptake. Data are means
as described in Experimental Procedures. (C) Densitometry analysis, yhe standard error of the meam< 3). The asterisk indicates a
of surface biotinylation experiments. Data are the levels of surface p of <0.001 compared with the value of the vehicle (two-tailed
expression seen afterd@D treatment in percent of control (means t-test) '
+ standard errom = 3). ’

Table 1: Comparison of Diffusion Coefficients Determined by
from tens of molecules rather than the thousands that arergap ‘and FCS in HEK293 Cefls

examined using other techniqu@2,(23). It is even sensitive
enough to detect a single molecule passing through the ( : o ) -

; i EGFP-PICK1 11.3: 1.8)x 10 12.84 1.4)x 10
confocal vt_)lume and can provide results detayllng @ MOT€  F b pICK1 with DAT (0.4t 0.18)x 10°  (4.5+ 0.05)x 10-°
accurate picture of the movements of a protein over short yvep_pat (0.39+0.08)x 10°  (3.6+ 0.2) x 10°°
distances in the cell (appro>_<|mately 200 nni)Z,(ZS)._In aDiffusion coefficients D) were determined as described in
contrast, FRAP data are obtained from a larger sampling areagyperimental Procedures. The resultiBgralues are given as means
However, FRAP is generally easier to use than FCS, + the standard error of at least five experiments.
especially because both the experimental setup and the data

analysis are simple2(). diffusion with FCS in N2a cells because of bleaching of the
Application of FCS revealed that in HEK-293 cells YFP-  fluorophore. The most reasonable explanation is that YFP-
tagged DAT is a relatively freely diffusing protein in the DAT is immobilized or too slowly diffusing in the plasma
plasma membrane with a diffusion coefficient similar to the membrane to allow FCS measurements (Figure 3). Intense
value recently published for GFP-tagged NEZB)(as well bleaching effects have been observed previously for fluo-
as to values observed for other membrane proteins using FCSescently labeled cholera toxin on the surface of Vero cells
(35, 39, 40). For EGFP-PICK1, a cytosolic protein that binds  and were interpreted as a population of a relatively immobile
to the C-terminus of DAT, binding of EGFP-PICK1 to the protein O < 10°°cn?/s or residence times of more than 1
DAT not only resulted in recruitment of EGFP-PICK1 to s) (43). Partial immobilization of YFP-DAT in N2a cells
the plasma membrane but also was associated with a markegvas supported by application of FRAP. Notably, our ability
change in its lateral mobility. This might prove relevant in, to detect mobile YEP-DAT in N2a cells with FRAP even
for example, high-throughput screening applications; hence,when FCS analysis was not achievable likely reflects
our data show how FCS can provide a rapidly achievable differences between the two measuring techniques. In FCS,
quantitative measure of the interaction between a cytosolic gl the fluorescent molecules in the sampling area are tracked.
and an integral membrane prote#il(42). If a significant proportion of these molecules are immobile
The lateral mobility of the DAT in the plasma membrane or moving very slowly, substantial bleaching is unavoidable
displayed a remarkable dependence on the cellular environ-and will hamper the autocorrelation function. In FRAP, the
ment. Specifically, we were unable to assess YFP-DAT measurement begins after all molecules in the sampling area

FRAPD (cnv/s) FCSD (cn/s)
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FRAP support for DAT raft association in a CTB antibody patching

A 0.4x10% ] experiment in N2a cells (Figure 8).
EGFR is also known to be raft-associatei®)( and for

this protein, we did not see an effect on lateral mobility in
response to PICD. Moreover, it has been argued that on
the basis of FRAP experiments membrane raft association
is not the dominant factor in determining the long-range
protein mobility of membrane proteins at the cell surface
(47). Thus, the effect of WICD on DAT lateral mobility
might not be a consequence of membrane raft association
per se. Instead, it is possible that in the N2a cells raft
association could enhance the interaction between the DAT
and putative protein complexes in the rafts that represent
the determinants of the lateral mobility of the DAT at the
plasma membrane.

The suggested membrane raft association of the DAT
complements earlier studies showing raft association of the
two other biogenic amine transporters, SERT and NEBF(

20). The alteration in DAT transport function with decreases
in both Vimax and Ky, upon treatment of either N2a cells or
rat striatal synaptosomes withd@D, corresponds well with
previous data published for the SERTS8|. Thus, raft
association and/or cholesterol might play a role in regulating
both SERT and DAT activity. Given the distribution of the
DAT in a raft and a nonraft compartment with putative
distinct transport properties, we might have expected to
observe biphasic kinetics in the uptake experiments: how-
Ficure 11: Comparison of diffusion coefficients obtained with FCS  ever, both in the presence and in the absencegg i we

and FRAP. (A) Diffusion coefficients obtained by FRAP for YFP-  observed Hill coefficients close to unity. The most likely

DAT in HEK293 cells without and with incubation with 29/mL P ; ;
filipin. (B) Diffusion coefficients obtained by FCS for YFP-DAT explanation is that the difference in thg values, although

in HEK293 cells without and with incubation with:&y/mL filipin. significant, still is relatively small, making it difficult to
Data are means the standard erron(= 3). One asterisk indicates ~ unravel biphasic kinetics. Nevertheless, further studies are

ap of <0.05 ¢-test), and three asterisks indicatg af <0.001 required to clarify whether the observed changes in uptake
(t-test). represent a direct or indirect effect on the transporter
molecule. It also should be emphasized that the decrease in
) . the rate of uptake and the increase in DAT lateral mobility
have been bleached and the signal results from only mobile 5 carved in the N2a cells in response t#GD are not
molecules moving into this region of interest. necessarily direct consequences of the same phenomenon.
Our FRAP measurements revealed a distinct lateral mobil-  The parallel application of FCS and FRAP allowed a direct
ity profile of DAT, in N2a cells in comparison to two other  comparison between the two techniques. Remarkably, whereas
integral membrane proteins, ti@AR, a G protein-coupled D values calculated from either FCS or FRAP were similar
receptor, and EGFR, a receptor tyrosine kinase. Most likely, for a cytoplasmic protein such as PICK1, tBevalues
this reflects association of the transporter with the cyto- obtained for the investigated membrane proteins were
skeleton and/or specific lipid environments since both approximately 10-fold different (Table 1). We believe that
disruption of the cytoskeleton with cytochalasin D and this discrepancy between thg values is likely to reflect
disruption of membrane rafts by cholesterol depletion with inherent differences in what the techniques measure. Indeed,
mBCD resulted in a significantly increased rate of lateral the ability of the raft-disrupting reagent filipin to elicit
diffusion. The ability of cytoskeleton-disrupting agents to opposing effects on the rate of diffusion as measured with
enhance membrane mobility has been demonstrated also foFCS and FRAP supports the notion that the two methods
other membrane proteins such as the LH receptor and thepredominantly measured the DAT in different environments.
Na*/K*-ATPase 44, 45) and is likely to reflect disruption  In this context, it is interesting to note that FCS will select
of a direct or indirect association between the protein of for more rapidly moving protein; i.e., slower moving
interest and the cytoskeleto#4 45). The ability of m5CD molecules are likely to be neglected due to photobleaching.
to enhance membrane mobility might reflect the fact that An important difference between FCS and FRAP is also that
DAT also associates with membrane rafts. Indeed, we couldthe sampling radii differ between the two methods. We
demonstrate biochemically that the DAT in part associated determined the radius of the argon laser beam waist to be
with the membrane raft fraction in sucrose gradient cen- 0.19 um at 514 nm (diameter, 0.38m), and the average
trifugation experiments both in N2a cells and in rat brain ROI for FRAP has a radius of 0.98n (diameter, 1.9am).
synaptosomes. However, we should note that the definition It is thus possible that whereas FCS may be detecting
of membrane raft association by this type of experiments relatively fast protein movements within a confined domain,
(“detergent resistance”) recently has been subjected to intensé-RAP may be detecting long-range diffusion between
scrutiny (L2). It is, therefore, critical that we provide further domains in the membrane. Interestingly, it was proposed on
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the basis of the application of viFRAP (variable observation
radius FRAP) that the neurokinin-2 receptor diffuses within
confined domains with a mean radius-e#00 nm with aD
value (1.0x 107° cn¥/s) markedly higher than that observed
for long-range diffusion between domains (6<4L0° cm?/

S) (48). Compartmentalization of membrane proteins into

confined plasma membrane domains ranging in size froma g

radius of 100 nm to a radius of 500 nm has also been

suggested on the basis of single-molecule tracking techniques

for a number of proteins, including the transferrin receptor
(49), the u-opioid receptor §0), and the human MHC class

| protein 61). The molecular nature of the confined domains
is not entirely clear. They might be the result of long-range

attractions between proteins and thus not involve physical 1q

fences or direct proteinprotein interactions50). Alterna-
tively, they might involve cytoskeletal corrald9). It is also
interesting to pay attention to the differential effect of filipin
on D values determined by either FCS or FRAP, which
indirectly could suggest a role of membrane rafts. Addition
of filipin results in the clustering of cholesterol moieties in

the lipid surface. On a small distance scale, such as that

defined by the laser spot in FCS, there is little effect. On a

larger distance scale, however, such as that defined by a 12.
FRAP region of interest, these cholesterol clusters may create

barriers to random walk, thus resulting in a lower diffusion
coefficient.

In summary, we have used several techniques to investi- !

gate microdomain association of the DAT in different cellular

environments. Our data suggest not only that the DAT might 15.
associate with both membrane rafts and the cytoskeleton but
also that these associations, at least in case of the membrane; g

rafts, might play a role in regulating transporter function.
Interestingly, our data also reveal unique lateral diffusion
properties of YFP-DAT compared to those of other integral
membrane proteins such as the EGFFAR and EGFP-
EGFR. Altogether, these distinct lateral diffusion profiles for
three distinct membrane proteins in two different cell lines
underline the importance of critically evaluating the cellular
context when studying the function and regulation of these
types of proteins.
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