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Summary

Simultaneous dual-color total-internal-reflection ~ was polarized towards the leading edge, away from the
fluorescence microscopy (TIR-FM) was performed to lagging edge. These observations suggest a re-evaluation of
analyze the internalization and distribution of markers the functional differences between dynaminl and
for clathrin-mediated endocytosis (clathrin, dynaminl, dynamin2, and of the role of clathrin-mediated endocytosis
dynamin2 and transferrin) in migrating cells. In MDCK in cell migration.

cells, which endogenously express dynamin2, the

dynamin2-EGFP fluorescence demonstrated identical Movies available online

spatial and temporal behavior as clathrin both prior to and

during internalization. By contrast, in the same cells, the  key words: Endocytosis, Clathrin, Dynamin, Cell migration, Total
neuronal dynaminl only localized with clathrin just prior  internal reflection fluorescence microscopy (TIR-FM), Evanescent-
to endocytosis. In migrating cells, each endocytic marker wave microscopy

Introduction their crystal structures have been determined (ter Haar et al.,
The internalization of integral membrane proteins from the ceff998; Collins et al., 2002), and detailed models for the
surface through receptor-mediated endocytosis occurs vR{oduction and internalization of clathrin-coated vesicles have
clathrin-coated pits (Schmid, 1997; Takei and Haucke, 2001peen suggested (Schmid, 1997; Takei and Haucke, 2001;
Examples of molecules that undergo clathrin-mediatedfirchhausen, 2002). However, numerous questions regarding
endocytosis include nutrients such as iron, via transferrithe events and interactions relevant to endocytosis remain
uptake (Hopkins et al., 1985; Conrad et al., 1999), growtkinanswered. For example, it is not clear whether activated
factors and cytokines, through receptors such as the epidermegceptors recruit AP-2 which results in the polymerization of
growth-factor receptor (Lamaze and Schmid, 1995; Carter ar@glathrin  coat components, or if clathrin-coated pits are
Sorkin, 1998), and cellular adhesion molecules such ayeformed and recruit activated receptors. Additionally, the
integrins (Raub and Kuentzel, 1989). Additionally, numerougrecise molecular function(s) of the GTPase dynamin in
pathogenic organisms and molecules have been observededocytosis remains to be resolved (Takei et al., 1995; Cao et
gain entry into cells by exploiting the endocytosis machinengl., 1998; McNiven et al., 2000; Ochoa et al., 2000; Schmid
(Doxsey et al., 1987; Sieczkarski and Whittaker, 2002)and Sorkin, 2002; Tsuboi et al., 2002). Although previous
Endocytosis has also been implicated in cell migratiorstudies have focused on the neuron-specific dynaminl isoform
(Bretscher, 1996; Palecek et al., 1996; Sheetz et al., 199@;suboi et al., 2002), there is also a functional role in
Bajno et al., 2000; Kamiguchi and Lemmon, 2000). Inendocytosis for the ubiquitously expressed dynamin2.
particular, it has been proposed that an increased rate Bffnamin2-enhanced green fluorescent protein (EGFP)
endocytosis at the trailing edge would contribute to theolocalizes with endogenous clathrin (Cao et al., 1998).
polarized cycling of either bulk membrane or cellular adhesio®ominant negative mutants of dynaminl and dynamin2 both
molecules, such as integrins, to the leading edge (Bretschegduce endocytosis (Altschuler et al., 1998; Sun et al., 2002)
1996; Palecek et al., 1996; Sheetz et al., 1999). and non-functional dynamin forms rings that wrap around the
Great strides have recently been made in the analysis of theck of latent vesicles (Takei et al., 1995). These observations
different factors involved in the production of clathrin-coatedhave led to the hypothesis that dynamin associates with the
vesicles (Takei and Haucke, 2001). The presence armeck of the budding vesicle to play a key role in membrane
interaction of such components as the AP-2 adapter compldigsion.
(Benmerah et al., 1998; Kamiguchi et al., 1998) and the The present studies have made use of simultaneous dual-
accessory proteins AP180 (Takei and Haucke, 2001), EpsX®lor total-internal-reflection fluorescence microscopy (TIR-
(Benmerah et al., 1998; Benmerah et al., 1999) and HiplRM) to characterize the dynamics and interactions of
(Enggvist-Goldstein et al., 2001) are beginning to be welcomponents of the endocytosis machinery. In TIR-FM, the
characterized. Many of the proteins that are involved irfluorescence excitation is limited to a depth of ~100 nm from
clathrin-mediated endocytosis have been identified and clonethe cover slip. This both minimizes photodamage to the cell
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and maximizes the signal over background of fluorophores @b00; Lampson et al., 2001) utilizing illumination through the
the cell surface (Axelrod, 1981; Schmoranzer et al., 2000mnicroscope objective (Apo 60 NA 1.45; Olympus America,
Lampson et al., 2001). Previously, our laboratory has employédelville, NY). All studies were performed with an inverted
TIR-FM in the study of constitutive exocytosis (Schmoranzegpifluorescence microscope (IX-70, Olympus) placed within a home-
et al., 2000) and in an investigation of the endosomal recyclin ilt temperature controlled enclosure set at 32°C for live cell

: . aging. The optical configuration used to image dsRed-clathrin
compartment (Lampson et al., 2001). Using this approach q cluded excitation with the 514 nm line of a tunable argon laser

examlng both t.he distribution 'of.the' components .Of .chOmnichrome, model 543-AP AO01; Melles Griot, Carlsbad, CA)
endocytic machinery and the distribution of endocytic sit€$efiected off a polychroic mirror (442/514pc). All filters and

allowed us to examine whether endocytosis is polarized ggolychroic and dichroic mirrors were obtained from Chroma
occurs uniformly in migrating cells. Clathrin was expressedrechnologies (Brattleboro, VT). Emitted light was then collected
as plasma-membrane-associated spots, which displayétough a 560Ip filter.

apparently stochastic internalization. Whereas dynamin2, ECFP-Mem was imaged following excitation by the 442 nm
which is endogenously expressed in these cells, colocalizéige of a HeCd laser (Omnichrome, model 4056-S-A02), reflected

with clathrin both prior to and during internalization, the©ff the same 442/514pc as above. The ECFP emission was
ollected utilizing a HQ485/40M band pass filter. Dynamin2-

neuronal dynaminl only appeared just prior to thf’F _ ;
: . . GFP and Alexafuor488-transferrin were excited by the 488 nm
disappearance of the clathrin spots. Finally, contrary to o ine of the argon laser reflected off a dichroic mirror (498DCLP).

expectations, clathrin-mediated endocytosis was polariz GFP and Alexafluor488 emission were collected through an

away from the lagging edge of migrating cells, beingemission band pass filter (HQ525/50M). When dsRed-clathrin and
concentrated towards the leading edge. dynamin2-EGFP, or dsRed-clathrin and dynaminl-EGFP, were
imaged simultaneously both fluorophores were excited with the
. 488 nm line of the same tunable argon laser as above reflected
Mater.lals and Methods off the 498DCLP dichroic. Simultaneous image acquisition was
Plasmid constructs performed utilizing an emission splitter (W-view, Hamamatsu
The construct encoding dsRed-clathrin (rat light chain) was a gift fronfPhotonics, Hamamatsu City, Japan). The GFP/dsRed emissions
Thomas Kirchhausen (Harvard Medical School, Boston, MA).were collected simultaneously through an emission splitter
pEGFP-dynamin2 (human isoform aa) was a gift from Mark McNiverequipped with dichroic mirrors to split the emission (550DCLP).
(The Mayo Clinic, Rochester, Ml). pEGFP-dynaminl (human isoformThe GFP emission was then collected through an emission band
aa) was a gift from Pietro de Camilli (Yale University, New Haven,pass filter (HQ525/50M) and the dsRed through an emission long
CT). pECFP-Mem was purchased from Clontech (BD Biosciencepass filter (580Ip). Fluorophore emission cross-talk from the
Clontech, Palo Alto, CA). green channel into the red and from the red into the green
were both observed to be less than 1% in preliminary control
. experiments.
Cell culture and monolayer wounding assay The camera utilized to acquire images was a 12-bit cooled CCD
Madine Darby Canine Kidney (MDCK) cells were maintained in (ORCA-ER, Hamamatsu Photonics, Bridgewater, NJ) with a
DMEM (Mediatech Cellgro, VA) supplemented with 10% fetal bovine resolution of 12881024 pixels (pixel size=6.45m x 6.45um). The
serum in a humidified 37°C incubator with 5% £0Oells were plated camera and a mechanical shutter (Uniblitz, Vincent Associates,
onto sterilized glass cover slips (Fisher Scientific, Atlanta, GA). WheiRochester, NY) were controlled by MetaMorph (Universal Imaging,
cells were transfected with dsRed-clathrin, cells were plated ddowningtown, PA). Images were acquired utilizing exposures times
approximately confluence and transfected during plating utilizingoetween 150 milliseconds and 300 milliseconds. For video imaging,
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to thebetween 200 and 400 frames were streamed to memory on a PC
supplier's directions. Cells co-transfected with dsRed-clathrin andluring acquisition and then saved to hard disk. The depth of the
ECFP-Mem, or dsRed-clathrin and dynaminl-EGFP, were platedvanescent field was typically ~70-100 nm (Schmoranzer et al., 2000;
between 75% and 95% confluence the day prior to transfection. lampson et al., 2001). Analysis of video sequences and still frames
each case where migrating cells were analyzed, when cells haehs done with MetaMorph and Excel (Microsoft, Redmond, WA).
reached or nearly reached confluence, the monolayer was woundedr the quantification of dsRed-clathrin spot number and spot
with a scalpel; a circular region ~1 cm in diameter was removed frormternalization a grid of squares (35 pixel85 pixels) was placed
the center of the monolayer. The morning after wounding, some cellgithin each cell region and all of the spots and disappearing spots
were microinjected with pEGFP-dynamin2 at 50 pigl using  within the squares were counted. Image noise was reduced through
continuous flow through the microinjection pipette. Cells within thebackground subtraction and digital brightness and contrast
migrating front were imaged between 6 hours and 43 hours aftedjustment in MetaMorph and Photoshop (Adobe Systems, San Jose,
wounding. CA).

Cell surface transferrin staining Dual-color processing

Approximately 16 hours after wounding, cells were placed in serumbual-color image streams were acquired so that the separated
free DMEM for 30 minutes in a 37°C incubator to chase out any cellehannels appear side by side on the camera chip. Regions of the
surface-bound transferrin. Cells were then placed in Alexafluor488ame size were removed from the whole field to yield separated
transferrin (Molecular Probes, Eugene, OR) diluted 1:100 in ice-colémage sequences. The two channels (GFP and dsRed) were aligned
PBS and incubated for 20 minutes at 4°C. Finally, cells were rinsebdy eye and then correlation coefficients were obtained using
once in PBS and fixed for 5 minutes in 4% paraformaldehydautomatic thresholding. For both dsRed-clathrin/Alexafluor488-
(Electron Microscopy Sciences, Fort Washington, PA). transferrin and dsRed-clathrin/dynamin2-EGFP images, correlation
coefficients were obtained following pixel shift of the red image

o planes, one pixel at a time for ten pixels in each direction. Each of
Image acquisition the four resultant correlation coefficients for each pixel shift step
TIR-FM was performed as previously described (Schmoranzer et alyas then averaged.
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Results disappearance at a level of sensitivity not previously attained
Endocytosis in live cells was studied by following fusions of(Santini et al., 2002). Although most of the puncta were
fluorescent proteins to clathrin (dsRed-clathrin) and dynaminglatively static during the time course of each sequence, a
(dynamin2-EGFP). The localization and behavior of GFP- osubpopulation underwent linear lateral movements parallel to
dsRed-clathrin coated pits in living cells has previously beethe plane of the membrane (Fig. 1B). The average lateral
evaluated by epifluorescence imaging (Gaidarov et al., 1998jsplacement quantified for sixteen moving spots identified
Engqvist-Goldstein et al., 2001; Santini et al., 2002). Infrom three cells was 2.16+0.35m, and the average lateral
epifluorescence microscopy the clathrin was observespeed of these motile spots was 0.84+Quir0second!. This
throughout the cell, both in puncta (presumably on the plasimia greater than the speed of actin-based motility for listeria
membrane) and in a juxtanuclear region (presumably at th&oldberg, 2001) or vesicle-based movement (Merrifield et al.,
Golgi and on Golgi-derived vesicles). TIR-FM is a useful tool1999) and is consistent with some of the rates of movement of
for analyzing events at the basal plasma membrane becausenitrotubules motors (Apodaca, 2001) and myosin-V-based
results in a selective excitation of fluorophores within ~100 nntransport (Tabb et al., 1998).
of the cover slip (Axelrod, 1981). Thus, there is a very The fluorescence of some clathrin puncta disappeared. In
significant decrease both of out-of-focus fluorescence and dfiree cells, a total of 1507 spots were counted and 237 of these
photodamage to the cell (Schmoranzer et al., 2000; Lampsalisappeared within imaging streams of 60.7+3.5 seconds. The
et al., 2001). In TIR-FM, the dsRed-clathrin was found only iraverage percentage of spots that disappeared per stream was
discrete puncta in the plasma membrane associated region (Flg¢.4+5.4%. The average rate of disappearance calculated for
1A). The juxtanuclear region fluorescence was not excited bign spots selected from the cell presented in Fig. 1 was
TIR-FM. In TIR-FM, the dsRed-clathrin could be imaged at al7.5+4.1 seconds, although some spots disappeared in as little
much faster rate and with a greater signal to noise than witis ~1.2 seconds (Fig. 1E).
epifluorescence. This was the consequence of a number ofTo characterize further the dynamics of dsRed-clathrin
factors. First, in TIR-FM, there is substantially reducedduring endocytosis, its fluorescence was monitored with either
background in the absence of out-of-focus light. Second, the second molecule involved in the machinery of endocytosis
higher NA of the TIR-FM objectives meant that much more(dynaminl or dynamin2) or a cargo molecule (transferrin).
light was collected. Finally, in these studies, we used camerdsansferrin has previously been used to study endocytosis in
with a greater sensitivity, which allowed us to resolve imageMDCK cells, which are known to express functional transferrin
with a temporal resolution of 1 frame every ~0.3 secondgeceptor endogenously (Fuller and Simons, 1986; Fialka et al.,
compared with 1 frame every 1.4 seconds in previoud999). Cells were transfected with dsRed-clathrin and the cell
epifluorescence studies (Engqvist-Goldstein et al., 2001). surface labeled with Alexafluor488-transferrin in the cold.
In TIR-FM, the clathrin puncta showed similar behaviors toNumerous transferrin puncta (Fig. 2A) colocalized with dsRed-
those previously reported (Gaidarov et al., 1999), includinglathrin (Fig. 2B). The colocalization of transferrin in dsRed-
lateral movement (Fig. 1B), disappearance (Fig. 1C) andlathrin puncta was quantified by the pixel shift analysis (Fig.
appearance or formation (Fig. 1D; see supplementary MovigC). The correlation coefficient between clathrin and
1, http://jcs.biologists.org/supplemental). However, TIR-FMtransferrin was quantitatively reduced following the deliberate
permitted an analysis of the dynamics of clathrin motion andnisalignment of the two constituent single channel images.

B: Region 1
" Fig. 1. Analysis of clathrin dynamics
"a. i in a migrating cell by TIR-FM. (A) A
TIR-FM still image (from a sequence
taken at 300 milliseconds per frame)
'd‘ -‘ p demonstrating the presence of
numerous dsRed-clathrin basal
C: Region 2 plasma membrane associated puncta.
Scale bar, pim. (B) 12 sequential
images taken from an image stream of
200, enlarging region 1 from A. The
frames depict the lateral movement of
the clathrin punctum marked by the
arrowhead. (C) 12 sequential images

E, D: Region 3 enlarging region 2 from A. These
8‘ . B images depict the disappearance of
o, -‘-.""""""'«'""“""-a.-‘-ﬁ e ] the clathrin punctum marked by the
B b - o arrowhead, presumably via
571 AP S internalization. (D) 18 sequential
2" "..‘:-«‘ VAV ;..H mmmmmm images enlarging region 3 from A,
Q- demonstrating the increasing
] P fluorescence at the spot marked by the
o 1 L Emm!m arrowhead. (E) Quantification of the
< o8 moomoowow e ® . fluorescence associated with a single

Time (s) disappearing dsRed-clathrin punctum.
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Alexad88-Transferrrin dsRed-clathrin

Fig. 2. Colocalization of dsRed-clathrin in
Alexafluor488-transferrin puncta. (A) Alexafluor488-

n = 150 spotsigroup transferrin TIR-FM image. (B) dsRed-clathrin TIR-

FM image of the same cell as in A. Spots marked by
arrows contain both transferrin and clathrin. Scale bar,
5 um. (C) The decrease of mean + s.e.m. of correlation
coefficient comparing images in A and B following
pixel shift in all four directions. (D) Bar graph
comparing the average clathrin fluorescence per unit
area + s.e.m. in regions within 150 transferrin puncta
(50 per cell) to an equivalent number of regions
outside of transferrin spots.
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The decrease in correlation coefficient caused by pixel shiftingndocytosis is reduced in cells expressing mutant forms of
of one channel in the overlay image demonstrates that tldynamin2 (Altschuler et al., 1998). To examine the temporal
colocalization is not due to the random alignment of isolatedynamics of the interaction between clathrin and dynamin2, we
puncta. Additionally, the clathrin fluorescence associated witsimultaneously imaged dsRed-clathrin (Fig. 3A,D) and
a total of 150 transferrin spots (50 per cell) was quantified andynamin2-EGFP (Fig. 3B,E). In epifluorescence, there were
compared to the clathrin fluorescence within 150 regions afome regions in which the two proteins colocalized and others
equal size residing outside of transferrin spots (Fig. 2D). Thigzhere they did not; in the juxtanuclear regions, there was a
result confirms the colocalization of clathrin and transferrin astrong dsRed-clathrin signal without an equivalent quantity of
the plasma membrane (Fig. 2D), thus implicating these punctiynamin2 (Fig. 3A-C). However, in TIR-FM, there were only
as functional in the clustering and endocytosis of substrates. flasma-membrane-based puncta of dsRed-clathrin, each of
population of clathrin spots did not contain appreciablevhich colocalized with dynamin2-EGFP (Fig. 3D-F). As
transferrin (Fig. 2). This suggests that the contents of the cargbserved between clathrin and transferrin (Fig. 2C), the
within each clathrin-coated pit might not be identical. colocalization of clathrin and dynamin2 was reduced following
Dynamin2 colocalizes with clathrin (Takei et al., 1995) andpixel shift analysis (Fig. 3G). Additionally, the dynamin2-

dsRed-Clathrin Dynamin2-EGFP overlay

Fig. 3.Colocalization of dynamin2-

EGFP in dsRed-clathrin puncta in

migrating MDCK cells. (A) dsRed-

clathrin epifluorescence image. (B)

Dynamin2-EGFP epifluorescence image.
10 (C) Overlay of A and B. Scale barpbn.

Correlation Coefficient ®

Displacement (pixels) (D) dsRed-clathrin TIR-FM image. (E)
dsRed-Clathrin Dynamin2-EGFP  overlay H . n = 150 spots Dynamin2-EGFP TIR-FM image. (F)
o . Overlay of D and E. Scale barsps.
(G) Depiction of the decrease of mean *
oo s.e.m. of correlation coefficient

comparing images in D and E following

pixel shift in all four directions. (H)

Graph of the dynamin2-EGFP

fluorescence relative to dsRed-clathrin

fluorescence (normalized to whole cell

M i a R R i relative fluorophore intensity for each
dsRed-Clathrin Fluorescence cell) within 150 clathrin puncta from

(Normalized) three cells (50 per cell).

tir

Dynamin2-EGFP in
dsRed-Clathrin Puncta




Clathrin-mediated endocytosis 851

EGFP fluorescence present in 150 puncta from a total of threeThe neuronal dynaminl is 79% identical to dynamin2. To
cells was observed to be linearly proportional to the amount afetermine whether the two proteins behave similarly, MDCK
dsRed-clathrin (Fig. 3H). cells were co-transfected with dsRed-clathrin and dynamin1-

A number of the dsRed-clathrin/dynamin2-EGFP punct&GFP. As with dynamin2-EGFP, dynaminl-EGFP co-
were observed to disappear stochastically (Fig. 4A-D). In thedecalized with many dsRed clathrin puncta (data not shown).
puncta, the fluorescence of the dsRed-clathrin and thidowever, in contrast to the behavior of dynamin2-EGFP (Fig.
dynamin2-EGFP disappeared synchronously (Fig. 4), and th&E), dynaminl-EGFP fluorescence increased just prior to
relative intensity of their fluorescence decreased proportionaliyternalization of dsRed-clathrin spots (Fig. 4F-H). This
in each punctum that disappeared (Fig. 4E). Therefore, dbservation suggests that the behaviors of dynaminl and
appears that the spatial correlation observed between clathdgnamin2 prior to and during endocytosis are not identical,
and dynamin2 (Fig. 3) persists during the process oadlthough the functional significance of this difference is not yet
endocytosis. known.

The disappearance of the clathrin/dyanamin2 puncta could The use of TIR-FM allows us to quantify the distribution of
be the consequence of photobleaching, lateral movementolecules involved in endocytosis (clathrin and dynaminl/2),
or endocytosis. It is unlikely to be the consequence oéndocytic cargo (transferrin) and endocytic events (the
photobleaching because the fluorescence intensity did neimultaneous disappearance of puncta of clathrin and
decrease in the regions surrounding the spots that disappearggnamin). It has been proposed that endocytosis occurs at
An example is shown in Fig. 4, where a punctum of clathrirhigher rates at the trailing edge of migrating cells. We used our
(Fig. 4C) and dynamin (Fig. 4D) disappeared but thdechniques to assay whether there was a polarity of endocytic
fluorescence in the neighboring region did not change. Thmachinery, cargo or endocytic events in the basal membrane of
decrease is unlikely to be the result of lateral motion, becau$éDCK cells during movement.
the intensity in the area outside of the spots did not increase A monolayer of MDCK cells transfected with dsRed-
over time. Thus, the simultaneous disappearance of the clathigtathrin was wounded with a scalpel. Over a one-hour period,
and dynamin in the punctum is most like the result of amultiple cells expressing various levels of dsRed-clathrin were
endocytic movement out of the plane of the evanescent fieldbserved by epifluorescence time-lapse microscopy to migrate
Because the clathrin and dynamin2 are colocalized and arewards the area of monolayer wounding (Fig. 5,
roughly proportional to each other both before and duringupplementary Movie 2). Some shape changes were associated
endocytosis, there might be a relatively stable stoichiometriwith the directed movement of these cells, including the
relationship between them. retraction of the lagging edge (see cell on the right hand side

Clathrin Dynamin2

Fig. 4. Colocalization of dynamin2-EGFP and
dynaminl-EGFP in disappearing dsRed-clathrin
puncta. (A) dsRed-clathrin TIR-FM image. Scale
bar, 5um. (B) Dynamin2-EGFP TIR-FM image.
E (C) Five sequential images (300 milliseconds per
8 spots frame) enlarging area outlined in A. (D) Five
sequential images enlarging area outlined in B.
(E) Graphic depiction of the disappearance of eight
dsRed-clathrin and dynamin2-EGFP containing
spots; values are presented as the mean * s.e.m. of
D: dynamin2 the average fluorescence per unit area relative to
maximum value obtained for each spot minus the
minimum value for each. (F, G) Five images (300
milliseconds per frame) demonstrating the behavior
o = v e e of dsRed-clathrin (F) and dynamin1-EGFP
(G) prior to and during internalization. Images

100 n = 8§ spots depicted represent frames 0, 50, 100, 150 and 200.

F: clathrin g""" ;} (H) Graphic depiction of the disappearance of eight

30 Y Y = dynamin’ dsRed-clathrin and dynamin1-EGFP containing
¥, a7n T Tk - clathrin .
® o H%H I T spots; values are presented as the mean + s.e.m. of
- S %}}H};ﬁ'}ﬂ ity the average fluorescence per unit area relative to
G: dynamin1 N maximum value obtained for each spot minus the
Noso 7 minimum value for each. Values depicted were
n.... g ' taken from an aligned data set of ~40 seconds. In E
5" and H, the fluorescence traces of each of the eight
o 50 100 150 200 spots evaluated were temporally aligned to the start
Time (s) of dynamin1/2-EGFP fluorescence decrease.

C: clathrin

fezes |
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of the field) as well as the extension of leading lamellae. Thstudies of MDCK cell migration (Fenteany et al., 2000; Sabo

migration velocity of these cells ranged betweempiohour?
and 20um hour?, similar to values derived from previous

Fig. 5. Migration of MDCK cells transfected with dsRed-clathrin.
Cells were imaged via time-lapse epifluorescence microscopy
migrating towards the area of monolayer wounding (the top of the
field). This figure presents the first (A) and last (B) images of a 1

et al.,, 2001). MDCK cells expressing dynamin2-EGFP were
observed to migrate at the same rate in response to monolayer
wounding (supplementary Movie 3). These results indicate that
MDCK cells migrate normally after monolayer wounding
despite the transient expression of dsRed-clathrin or
dynamin2-EGFP.

To quantify the distribution of endocytic machinery, cargo
and fusion events, we imaged these cells with TIR-FM. At the
start of each time-lapse series, an image was collected under
epifluorescence, which was used to draw the cell boundaries
and demarcate three regions (leading, middle and lagging)
along the migratory trajectory of the cell (Fig. 6). Both the
dsRed-clathrin signal (Fig. 6B) and the dynamin2-EGFP
fluorescence (Fig. 6D) appeared to be weakest at the lagging
edge and progressively stronger towards the leading edge of
the migrating cells. Quantification of the relative fluorescence
per unit area within the three regions of migrating cells
revealed similar polarization of clathrin (Fig. 7A), dynamin2
(Fig. 7B) and transferrin (Fig. 7C) fluorescence from lowest
values at the lagging edge to highest values at the leading edge.
Thus, utilizing TIR-FM to evaluate the distribution of three
markers for clathrin-mediated endocytosis revealed that each
was concentrated away from the lagging edge.

The observation that the fluorescence of markers for
clathrin-mediated endocytosis was lowest at the trailing edge
of migrating cells (Figs 6, 7) could be explained if the trailing
edge of the cells was not as close to the cover slip as the rest
of the cell (the excitatory field decreases exponentially with
distance from the cover slip). We tested this possibility by
transfecting cells simultaneously with dsRed-clathrin and a

hour time-lapse sequence, and an overlay (C) of cell borders drawnmarker for the plasma membrane, palmitoylated enhanced

to illustrate net cell displacement. Scale bap@0

dsRed-clathrin

dynamin2-EGFP

cyan fluorescent protein (ECFP-Mem) (Jiang and Hunter,

Fig. 6. The distribution of plasma-membrane-
associated dsRed-clathrin and dynamin2-EGFP
in migrating cells. (A) Epifluorescence image of
a migrating MDCK cell expressing dsRed-
clathrin. (B) TIR-FM image of the same cell
overlying the cell border drawn in A, and
depicting the apparent migratory direction of this
cell in addition to three regions along this
trajectory. (C) Epifluorescence image of a
migrating MDCK cell expressing dynamin2-
EGFP. (D) TIR-FM image of the same cell
overlying the cell border drawn in C, and
depicting the apparent migratory direction of this
cell in addition to three regions along this
trajectory. Scale bar, j5m.
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1998). The distribution of ECFP-Mem in TIR-FM images fluorescence per unit area divided by the relative ECFP-Mem
should reflect the contact zone between the cell and the covietensity per unit area clearly demonstrates that the polarized
slip. In cells co-expressing ECFP-Mem (Fig. 8A) and dsReddistribution of dsRed-clathrin fluorescence is not due to
clathrin (Fig. 8B) ECFP-Mem was present throughout the basahriability in distance between the plasma membrane and the
plasma membrane, whereas dsRed-clathrin was localized to tbever slip throughout the cell (Fig. 8C). Therefore, the
cell middle and leading edge. Thus, the decreased dsRed sigpalarized distribution of dsRed-clathrin in the basal membrane
at the trailing edge is the result of less clathrin in this regiois due to differences in protein localization and not to
and not a greater distance between the plasma membrane difterences in fluorophore excitation.
the cover slip. Calculation of the relative dsRed-clathrin The preceding results indicate that components of the
endocytic machinery (clathrin and dynamin2) and an endocytic

A cargo (transferrin) are polarized in the plane of the plasma
ve n=7 membrane towards the leading edge. To assay endocytic
: activity, we quantified the density of dsRed-clathrin puncta and
0.4 .
© T frequency with which these puncta disappear. The density of
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was drawn around the entire region of fluorescent signal. (B) dsRed-
Fig. 7. Polarized distribution of markers for clathrin-mediated clathrin TIR-FM image of the same cell overlying the cell border
endocytosis in the basal membrane of migrating cells. (A) The drawn in A. The cell is apparently migrating in the direction denoted

guantification of the relative dsRed-clathrin fluorescence intensity by the arrow. (C) The relative dsRed-clathrin fluorescence intensity
per unit area within three regions along the migrating axis of the cellper unit area divided by the relative ECFP-Mem fluorescence

The average of seven cells + s.e.m. is plotted. (B) The quantificatiorintensity per unit area within three regions of the migrating cell. The

of the relative dynamin2-EGFP fluorescence intensity per unit area average of six cells + s.e.m. is plotted. (D) The quantification of the
within three regions along the migrating axis of the cell. The averageelative dsRed-clathrin spot number per unit area within the three cell
of six cells £ s.e.m. is plotted. (C) The quantification of the relative regions. The average + s.e.m. is plotted (three cells, 1507 spots).
Alexafluor488-transferrin fluorescence intensity per unit area within (E) The quantification of the relative dsRed-clathrin spot

three regions along the migrating axis of the cell. The average of foutisappearance per unit area within the three cell regions. The average
cells £ s.e.m. is plotted. + s.e.m. is plotted (three cells, 237 spots).
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edge and lowest in the trailing edge, similar to the distributiopreviously measured for microtubule motors (Apodaca, 2001)
of the total dsRed-clathrin fluorescence (Fig. 7A, Fig. 8C)and myosin-V-based transport (Tabb et al., 1998).
Furthermore, the frequency at which the dsRed-clathrin puncta Although some of the data obtained in the present studies
disappeared was enhanced at the leading edge and decegsedide a clear parallel with previous analyses of clathrin
towards the lagging edge (Fig. 8E). These results suggest tltgtnamics in living cells (Fig. 1) (Gaidarov et al., 1999), the
clathrin-mediated endocytosis is polarized towards the leadinfinding that the distributions of numerous markers for clathrin-
edge in migrating cells, away from the lagging edge, in contrashediated endocytosis (clathrin, dynamin2 and transferrin) are
to what had been expected. polarized away from the lagging edge in migrating cells (Figs
6-8) represents a departure from models that suggest that cell

) ) migration requires increased endocytosis near the trailing edge
Discussion and increased exocytosis near the leading edge (Bretscher,
The current observations represent the first simultaneoud996; Palecek et al., 1996; Sheetz et al., 1999). What, then, is
analysis of clathrin and dynamin in living cells (Figs 3, 4). Thethe role of endocytosis in cell migration? Is it to move and
ability of TIR-FM selectively to excite fluorophores associatecarrange adhesion molecules or is it to reinternalize membrane
with the plasma membrane has permitted a detailed analysisarid proteins functional in membrane targeting and fusion
the behavior of these markers for endocytosis at a level ¢ENAREs etc.) following leading-edge exocytosis? It is
sensitivity not previously attained. These results show that, ipossible that the coupling of exocytosis and endocytosis at the
MDCK cells, clathrin and dynamin2 (the variant that isleading edge functions to adjust membrane tension to facilitate
endogenously expressed in these cells) are colocalized fine generation of motile force by actin polymerization (de
puncta both during and significantly before internalizationCurtis, 2001; Pollard et al., 2000; Watanabe and Mitchison,
(Figs 3, 4). By contrast, the neuronal dynaminl appears in 2002). Alternatively, endocytosis at the leading edge might be
burst at the site of dsRed-clathrin puncta immediately prior tamportant for the internalization of chemokine, cytokine and
internalization (Fig. 4). It has previously been suggested tharowth factor receptors. These questions await an integrated
dynaminl and dynamin2 act as a ‘pinchase’ to sever formedepiction of all of the constituent pathways potentially
clathrin-coated pits from the plasma membrane (Takei et alinvolved in cell migration (signaling, exocytosis, endocytosis
1995). However, it is possible that dynamin2 has alternate @nd cytoskeletal organization).
additional functions before fission of the endocytic pit. The
discrepancy observed between the behavior of dynaminil-We thank Jyoti Jaiswal and Bushra Taha for their critical evaluation
EGFP and dynamin2-EGFP demonstrates the need for & this manuscript. This work supported by NSF BES 0110070 and
evaluation of the functional differences between thes&SF BES-0119468 to S.M.S.
molecules.

The finding that the amount of dynamin2 associated with )
clathrin puncta is linearly proportional to the amount ofNote added in proof
clathrin implies that there might be a direct coupling betweerfter this manuscript was submitted, a study was published
these two proteins in endocytic pits. It is possible that the basjMerrifield et al. (2002)Nat. Cell Biol.4, 691-698] analyzing
for the temporal, spatial and apparently stoichiometriclathrin, dynaminl and actin during endocytosis in 3T3 cells.
relationship between clathrin and dynamin2 could follow fromSimilarly to our results, they observed dyanaminl associated
the recently proposed role for dynamin in actin organizationith clathrin puncta just prior to endocytosis.
(McNiven et al., 2000; Ochoa et al., 2000; Schmid and Sorkin,
2002). Although a role for dynamin in the remodeling of the
actin cytosekeleton during cell migration has been observedeferences
(McNiven et al., 2000), it is not apparent whether this is baseglschuler, v., Barbas, S. M., Terlecky, L. J., Tang, K., Hardy, S., Mostov,
upon an affect on leading lamella extension, guidance of K. E. and Schmid, S. L.(1998). Redundant and distinct functions for
transport vesicles through the cortical actin network and/or dynamin-1 and dynamin-2 isoform. Cell Biol. 143 1871-1881.
actin based vesicle transport. Apodaca, G.(2001). Endocytic traffic in polarized epithelial cells: role of the

. . . o actin and microtubule cytoskeletofraffic 2, 149-159.

In _add't'on_ to documentmg the internalization Of_Aerrod, D. (1981). Cell-substrate contacts illuminated by total internal
clathrin/dynamin2 spots (Figs 1, 4), these results characterizerefliection fluorescencd. Cell Biol.89, 141-145.
for the first time linear lateral motility of plasma membraneBajno, L., Peng, X. R., Schreiber, A. D., Moore, H. P., Trimble, W. S. and
associated clathrin puncta (Fig. 1). Although some spots moveGrinstein, S. (2000). Focal exocytosis of VAMP3-containing vesicles at

: sites of phagosome formatiah. Cell Biol.149 697-706.
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H H H H an err-oensussan, . - ps Interaction Is requirea ftor
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