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ABSTRACT. Downregulation of several signaling pathways, such as those stimulated by growth factor
receptors, occurs by internalization of signaling receptors through clathrin-coated pits. The first step in
internalization or endocytosis is interaction with AP-2, which results in coated pit formation by assembly
of clathrin to AP-2. Changes in endocytosis are reflected in the distribution of AP-2 molecules at the cell
surface. Integrins are receptors which mediate attachment to the extracellular matrix and also stimulate
numerous intracellular signaling pathways; however, it is not known how signaling through integrins is
terminated or downregulated. Endocytosis through clathrin-coated pits offers an attractive mechanism for
this. This work explores the relationship between AP-2 Andhtegrins. RD cells grown for 24 h on
collagen or laminin exhibit a redistribution of AP-2 to the cell periphery relative to those grown on
fibronectin or polylysine. The total AP-2 protein levels in the cells are unaffected. Blockjfygintegrin

ligand binding on collagen prevents this redistribution fully. On laminin wheaf® and aef: integrins

are engaged, both receptors must be simultaneously blocked to prevent AP-2 redistribution, confirming
that the redistribution depends on the specific engagement of the receptors. Immunofluorescence reveals
that the majority ofay51 integrins colocalize withgS1 integrins in linear structures identified as focal
adhesions. A separate fraction @ff; integrins colocalize with AP-2 in coated pits. Interestingly31
integrins are not located in coated pits, demonstrating that integrin colocalization with AP-2 is not necessary
to induce redistribution of AP-2.

AP-2! is a tetrameric protein consisting of two 100 kDa clathrin triskelions {1). It is estimated that a single AP-2
adaptin subunitso{ and52), a medium subuni@), and a tetramer interacts with two clathrin triskelions so that there
small subunit ¢2) (1). Rapid freeze, deep etch images of are 60 AP-2 molecules per coated [2it8, 12). The majority
AP-2 demonstrate that it is comprised of a brick-shaped core of AP-2 is localized to the plasma membrad&)( and in
or trunk region with two appendage domains that extend from addition to its interaction with clathrin, AP-2 is also known
either side, corresponding to the C-termini of the adaptin to interact with a number of other proteins involved in the
subunits 2). AP-2 recognizes specific amino acid sequences endocytic process. AP-2 associates via its appendage domain
on receptors targeted for endocytos3s4), which initiates with the EGF receptor kinase substrate, Eps15, in a constitu-
formation of clathrin-coated pit®). Clathrin has three legs  tive manner 14). Microscopy studies revealed that Eps15
radiating from a central hub, and this structure is called a is located at the rim of budding coated vesicl&5)( This
triskelion ©). Assembly of the triskelions into pentagon and protein may play a role in endocytosis as Eps15 mutants
hexagon shapes forms the characteristic lattice structure ofthat interfere with coated pit assembly inhibit transferrin
the coated pit¥). AP-2 interacts with clathrin via a portion  receptor endocytosid§). Eps15 and AP-2 are both able to
of its 52 subunit located in the trunk region of the molecule interact with epsin, which is also thought to be important in
(8—10). A coated pit typically consists of approximately 120 endocytosis when acting in concert with Eps1%)( The
appendage domain of AP-2 has also been implicated in
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of AP-2 molecules from smaller AP-2 clusters comprising The specificity of the responses are determined with antibod-
nucleation sites into already existing coated p22, 3). ies known to block selected integritsubstrate interactions.

It is well established that a number of signaling receptors Finally, the interactions between the integrins and the AP-2
are downregulated through internalization via clathrin-coated are probed by measurements of the extent of colocalization
pits (24—27). Integrins act as receptors for extracellular in confocal images of doubly immunolabeled cells.
matrix (ECM) proteins, participate in organizing cell adhe-
sion complexes, and mediate signal transduct28-G0). MATERIALS AND METHODS
The mechanism of their downregulation is not clearly
defined. They are a family of cell surface receptors compose
of o and 8 heterodimers. The interaction with the ECM
through integrins is crucial for cell proliferation, differentia-
tion, and migration 31, 32). Integrin binding to ECM
proteins results in the formation of adhesion complexes ) o .
termed focal adhesions or focal complex@3)( This process passaged approximately every 3 days to maintain exponential
leads to reorganization of cytoskeletal components, including growth. ) ) _
actin, which serve as scaffolding proteins for intracellular ~ Antibodies For immunolabeling of AP-2, both the mono-
effector molecules to couple integrins to downstream signal- ¢lonal antibody (mAb) AC1-M11 and a polyclonal antibody
ing events 81). (pAp) were u§ed. ACl-Mll was a gift from Margaret S.

Receptors targeted for endocytosis bind to AP-2, which Robinson (University of Cambridge, U.K.), and the pAb was
recruits clathrin to form a coated pit that subsequently @ gift from Thomas Kirchhausen (Harvard University,
invaginates and forms a coated vesi@6, 34). Itis possible ~ Boston, MA). This polyclonal antibody is used at saturating
that endocytosis downregulates integrin receptors, but theconditions as determined by titration measurements in these
evidence is indirect. Microscopy studies indicate that a large Cells- They are specific for AP-2 since they block binding
proportion of integrins are located in intracellular compart- ©f Specific monoclonal antibodies (AP-6) and can be blocked
ments 85, 36). Mutations of the integrin3; cytoplasmic ~ PY AP-6. Immunostaining of the,f1 or o integrins was
domain, which cause increased levels of bacterial internaliza-achieved using the;-specific mAb TS2/7 or theis-specific
tion, also inhibit the localization of these receptors to focal MAP MAG conjugated to AlexaFluor 594 using the Alex-
adhesions 7). Other experiments show that both focal aFIuor 594 protein labeling kit according to manufacturer’'s
adhesions and clathrin-coated membrane regions are site§'Structions (Molecular Probes, Inc., Eugene, OR). In cases
of cell substratum adhesion; as clathrin-coated membranegvhere both theo,; and asfs integrins were visualized,
do not have intrinsic adhesive properties, adhesion would unconjugated versions of either the MA6 or TS2/7 antibodies

have to occur by another mechanism, indicating a possibleWere used in conjunction with fluorescein-conjugated goat
role for integrins 88). anti-mouse antibodies. Integrins were blocked usingxthe

AP-2 has been shown to recognize specific sequences inSPecific MAb FB12 and thes-specific mAb GoH3. Vinculin
the cytosolic tails of transmembrane receptors to direct their Visualization was achieved with the mAb V284 (Chemicon
internalization 89). Although it has been suggested that the !nternational, Inc., Temecula, CA).

32 adaptin subunit may be involved in recognition of receptor ~ Cell Adhesion to ECM Substratéventy-two millimeter
tails (40, 41), the most compelling evidence suggests that coverslips were washed in 95% ethanol and allowed to dry.
the u2 subunit is responsible for receptor binding at the Five hundred microliters of human fibronectin, collagen I,
plasma membrane®). Internalization signals are character- laminin 1, or polylysine (Gibco BRL, Rockville, MD) was
ized by an essential tyrosine residue of a YXXg motif, where applied to cover the surface of the coverslips. Protein
@ represents a bulky hydrophobic amino aci®)(or an concentrations were 10g/mL in 0.1 M NaHCQ except
NPXY motif (44, 45). There is also a dileucine motif which ~ where otherwise indicated. Coverslips were enclosed in 35
is recognized by thg1 subunit in AP-1, the adaptor protein mm culture dishes and placed in a container lined with damp
involved in coated pit formation at the TGM@). The A, paper towel at #C for a period of 14-18 h. Coverslips
integrin cytosolic tail contains two NPXY sequences allowing Were rinsed with 1.5 mL each of PBS, doubly distilled water,
for potential recognition by AP-2 and downregulation of and complete RPMI medium and placed in 35 mm culture
these receptors through coated pits. dishes. RD cells were added at a density of 1.50° cells

The 1 family of integrins has major functions in mediating Per 35 mm dish in complete RPMI medium. Cells were
cell adhesion to ECM proteins such as fibronectin, collagen, incubated at 37C for a period of 24 h prior to fixation. In
and laminin 47). A single receptor is often able to bind more ~€xperiments using integrin blocking antibodies, cells were
than one extracellular matrix protein, and similarly a single incubated with 10@.L of complete RPMI containing 10g/
extracellular matrix protein often engages multiple integrins ML blocking antibody fo 1 h on iceprior to addition onto
(48). In rhabdomyosarcoma (RD) cellsi81 and osf: coverslips. Antibodies used for blocking were FB12dgf,
integrins bind fibronecting,; integrins binds collagen, and  integrins or GoH3 forgf: integrins.
both a;8; and agf; integrins bind laminin 49). Fixing and Immunostaining Cell€ells were rinsed three

In the present work, we have explored whether endocytosistimes in cold PBS prior to being fixed. When labeling with
through clathrin-coated pits is a mechanism for downregu- the AP-2-specific pAb, cells were fixed with 4.4% paraform-
lation of integrin-mediated signaling. Quantitative analysis aldehyde in PBS for 1615 min and then permeabilized with
of confocal fluorescence images is used to determine change®.04% saponin in PBS for 10 min on ice. In all other cases
in distribution and localization of AP-2 in response to cells were fixed for 5 min in methanol at20 °C followed
adhesion and growth on specific extracellular matrix proteins. by 2 min in acetone at-20 °C.

d Cell Culture. Rhabdomyosarcoma RD cells from the
American Type Culture Collection (Rockville, MD) were
maintained in RPMI 1640 medium supplemented with 10%
FBS, glutamine, and penicillin/streptomycin at 37 (com-
plete RPMI), 100% humidity, and 5% GOCells were
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Prior to immunostaining, cells were washed twice with
PBS and one time with PBS containing 2% BSA. For AP-2

Boyd et al.

interior was determined. This was repeated fot-30 cells
per experiment, and an average value from two to three

localization, cells were incubated first with 20 of 200
ug/mL normal goat IgG for 4660 min and then with 20
uL of 50 ug/mL AC1-M11 or 20uL of AP-2 pAb (1:100
dilution) for 90—120 min. Finally, cells were incubated with
20 uL of 20 ug/mL fluorescein-conjugated goat anti-mouse formed as described earli€2], 51, 52), and the correlation
antibody in the case of the mAb or with 2@ of 50 ug/mL functions g(&,7) were fit to a two-dimensional Gaussian
fluorescein-conjugated goat anti-rabbit antibody in the case function according to the equation:
of the pAb for 66-90 min. In experiments where both AP-2
and ouf3; or agf integrins were to be localized, AP-2 was
labeled first with mAb AC1-M11 (as indicated above)
followed by incubation with 2Q:L of 200 xg/mL normal
mouse IgG for 46-60 min and then by incubation with 20
uL of 25 ug/mL AlexaFluor 594 conjugated-specific mAb
TS2/7 or ag-specific mAb MA6 for 96-120 min. In
experiments where both,5; and agf1 integrins oroyf:
integrins and vinculin were to be localized, eithegs:-
integrins or vinculin was labeled first by incubations with
20 uL of 200 ug/mL normal goat IgG for 4660 min and
then 20uL of 50 ug/mL MAG for agf: integrins or V284
(1:25) for vinculin for 96-120 min, followed by 2QuL of
20 ug/mL fluorescein-conjugated goat anti-mouse antibody
for 60—90 min. Theoy3; integrin was visualized using the
AlexaFluor 594 conjugated TS2/7 mAb as described above.
Between antibody incubations, cells were washed three times A third parameter, the degree of aggregation (DA),
with PBS and once with PBS containing 2% BSA for B) represents the average number of molecules in the protein
min each time while being agitated on a tilt table (Wave- aggregates and is obtained by dividing the average total
Master, Vantronics, London, Ontario). Finally, coverslips number of protein monomers (Nm), which is estimated by
were mounted on slides using Airvol containingpropyl- the average fluorescence intensif(X,y)0), by the average
gallate and stored at*C in the dark. In all cases, saturating number of independent protein particles (Np) according to
antibody concentrations were employed as determined usingthe equation:
ICS measurement$0Q).

Image Collection (Confocal Microscopy) and Analysis.
Images were collected with a Bio-Rad MRC-600 confocal
microscope equipped with an argon/krypton mixed gas laser . ] o .
on an inverted Nikon microscope. The total laser power is Wherea is a constant involving instrumental and experi-
nominally 25 mW, and images were collected at 1% laser Mental parameters. _
power by attenuation with a neutral density filter. Fluorescein ~ Statistical AnalysisTypically, between 35 and 40 images
was visualized by excitation at 488 nm while AlexaFluor Were collected for a single experiment. Pooled data from a
594 was visualized by excitation at 568 nm. In cases where Minimum of three experiments were compared using Stu-
both chromophores were used, fluorescein emission was firstdent'st-test. Significance was assigned to those results that
collected from photomultiplier tube 2 and then AlexaFluor Yieldedp values less than 0.001.
594 emission was collected from photomultiplier tube 1. RESULTS

To obtain images for ICS analysis, individual fluorescent
cells were localized using a &0objective and mercury lamp Confocal images of an RD cell immunostained to visualize
illumination. An image of 15..xm x 15.5um from an area  AP-2 are shown in Figure 1. Figure 1A shows a view of the
selected from the periphery of the cell was collected with entire cell. Figure 1B is an example of an image used for
the laser using a zoom factor of 10 in photon counting mode correlational analysis and corresponds to the boxed region
to ensure linear amplification of the intensity signal. Between in Figure 1A. It is collected with a 10-fold increased
15 and 25 scans were accumulated to produce a single imagemagnification compared to Figure 1A and is taken from an
Only one image was collected per cell. In regions where area near the cell periphery where the cell is thin and there
images were obtained, cells were sufficiently thin so that is minimal contribution from cytosolic fluorescence. The
there was only a single focal plane. For each data point, punctate staining pattern is characteristic of AP-2 and
between 35 and 40 images from individual cells were represents the coated pit populati&3)(
analyzed. Black levels were maintained at 5.9 on the vernier Figure 2 demonstrates that the total cellular fluorescence
scale, and the gain was set at 10.0. intensity (black bars) contributed by AP-2 was similar when

To obtain images for whole cell analysis, confocal images RD cells adhered for 24 h to fibronectin, collagen, or laminin
of an entire cell were taken at 2m intervals along the  and did not differ significantly from control cells grown on
z-direction. The set of seven images from a distance of 12 polylysine. This establishes that there is no effect on total
um was projected to form a single image. The cell perimeter AP-2 levels induced by different extracellular matrices in a
was then outlined, and the intensity within the total cell 24 h period.

experiments was determined.

Image correlation spectroscopy analysis was performed
on a MasPar 2 with 2048 parallel processors (MP-2, MasPar
Corp., Sunnyvale, CA). Correlation calculations were per-

g(6m) = 9(0,00e € 4 g (1)
Here & andy are the position lag coordinates for thend
y axes, respectively, and is the radius of the laser beam.
The amplitude of the correlation function &andz; approach
zero is given byg(0,0). The offsetgq, is included to account
for incomplete decay at larger distances arising from limited
image size.

A cluster density (CD) value, which represents the average
number of independent protein particles (Np) per unit area,
is defined according to the equation:

__ 1 _Np
g(0,0/tw?  nw?

(@)

DA = [i(xy)[9(0,0)= “IET? 3)
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Ficure 1: RD cells grown on laminin for 24 h and stained with AP-2 antibody, AC1-M11. Scale bars are shown in micrometers. An image

Biochemistry, Vol. 41, No. 23, 2007235

of a cell taken at lower magnification showing AP-2 staining in the entire cell (A, scale bar represenisn) 5/ image of the indicated
box in (A) enlarged 10 times (B, scale bar represents a6k This is a sample of an image that is used for ICS analysis. Scale bars are

shown in micrometers.
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Fibronectin Collagen Laminin
Extracellular Matrix Protein (10 ug/mL)
Ficure 2: RD cells grown for 1 or 24 h on 22 mm coverslips

coated with either 1Qug/mL polylysine or 10ug/mL indicated
extracellular matrix proteins were fixed and immunofluorescently

collected for correlational analysis must be taken from the
cell periphery where cells are both thin and flat so there is
minimal cytosolic contribution and the entire image can be
in focus. This problem is circumvented by using control cells
grown on polylysine in the presence of serum so they are
able to spread. The distribution of AP-2 was compared on
fibronectin, collagen, and laminin in both the presence or
absence of serum. In all three cases, the AP-2 distribution
was unaffected by the addition of serum (data not shown).
These experiments therefore can probe the differential effects
of collagen, laminin, or fibronectin. The intensity data in
Figure 2 indicate that the collagen and laminin matrices
induce a redistribution of AP-2 proteins away from the
middle of the cell into the cell periphery between 1 and 24
h of growth rather than inducing a general increase in the
total amount of AP-2 in the cell.

Figure 3 shows that laminin concentrations oftd/mL

labeled for AP-2 as described in Materials and Methods. Data were are sufficient to induce movement of the AP-2 protein

normalized to control cells grown on polylysind E 32 (whole
cell intensity),N = 99 (1 h),N = 80 (24 h)]. Error bars indicate
SEM. Whole cell fluorescence intensity of AP-2 in RD cells grown
on the indicated substrates (black bafd)=t 32 for each). ICS
analysis of fluorescence intensity in the cell periphery after 1 h
(white bars) N = 99 (fibronectin),N = 101 (collagen)N = 94
(laminin)] or 24 h (hatched barsN[= 81 (fibronectin),N = 76
(collagen),N = 82 (laminin)]. Asterisks (*) indicatgp < 0.001
compared to polylysine controls.

AP-2 fluorescence intensity measured from the cell
periphery (Figure 1B) aftel h oneither fibronectin, collagen,
or laminin was comparable to that of control cells grown on
polylysine (Figure 2, white bars). However, after 24 h there

population into the cell periphery compared to control cells
grown on polylysine. It appears that a minimum concentra-
tion of laminin is required to trigger a nearly complete
redistribution of AP-2 as cells grown on Qug/mL laminin

did not differ significantly from control cells. A concentration
of 10 ug/mL laminin is sufficient to induce a maximal
redistribution of AP-2 since increasing the laminin concen-
tration to 50ug/mL does not have additional effects on the
response; thus, laminin at 10g/mL was used for the
subsequent experiments. Comparison of the AP-2 intensity
values obtained for either 1, 10, or B@/mL laminin reveals
that they are statistically equivalent. The intensity value
obtained here for 10ug/mL laminin was statistically

was a greater than 2-fold increase in the AP-2 fluorescenceequivalent to the intensity value obtained on laminin in

intensity in the area of the cell periphery in cells grown on
either collagen or laminin compared to cells grown on
polylysine or fibronectin (Figure 2, hatched bars). AP-2
fluorescence intensity in cells grown on fibronectin for 24 h
was not significantly different from cells grown on polyl-

Figure 2.

To establish whether the observed redistribution is integrin
specific, the AP-2 distributions on collagen and laminin were
examined in the presence of antibodies that prevent integrin
binding to these ECM proteins. The AP-2 distribution in cells

ysine. If cells are grown on a polylysine matrix in the absence grown on polylysine was unaffected by incubation with either
of serum, they maintain a rounded morphology and do not a control nonspecific antibody, anf; functional blocking
spread within the 24 h time period. Cells under these antibody (FB12), or a1 functional blocking antibody
experimental conditions cannot be used for ICS since images(GoH3) (data not shown). Figure 4A shows that the
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8 difference between the intensity values observed when cells
are incubated with either FB12 or GoH3 alone, indicating
that theoy5; and agf; integrins affect AP-2 redistribution

to the same extent.

The relative increases in fluorescent intensity in Figure 4
are higher than those observed in Figure 2. This is partially
because two different AP-2 antibodies were used to collect
these data; a mAb was used for Figure 2 and a pAb was
used for Figure 4. The integrin blocking experiments shown
in Figure 4 required the use of a pAb directed against AP-2
in order to prevent the cross-reactivity of the fluorescently
labeled secondary antibody with the monoclonal integrin
blocking antibodies. Attempts to directly conjugate the AP-2
mAb to a fluorescent label were unsuccessful. The pAb
results in a more diffuse staining pattern, possibly due to

concentrations of laminirN = 63, 62, 62, 62, and 63 for increasing th_e StO'Ch'C’_metry of '_tS binding _to AP-2 molequles, a_”d th'.s
laminin concentrations, respectively, beginning withgmL) for mlght contribute to differences in results obtained using this
a period of 24 h were fixed and immunolabeled for AP-2 as antibody compared to the AP-2 mAb.

described in Materials and Methods. ICS analysis yielded intensity  The observed increase of AP-2 in the periphery of cells
values which were normalized to data obtained in control cells grown on collagen or laminin could occur in either of two

grown on polylysine l = 65). Error bars indicate SEM. Asterisks .
(*) indicatep < 0.001 compared to polylysine controls. Comparison W&Ys- The AP-2 from the center portion of the cell (away

of either the relative intensity or absolute intensity values obtained from the cell edges) may be recruited to existing peripheral
on 10 ug/mL laminin in Figure 2 and this figure were not AP-2 aggregates of AP-2 proteins, resulting in the formation

significantly different p = 0.0816 for absolute valuep;= 0.389 of larger coated pits which would be observed as an increase
for relative values). in the degree of aggregation (DA). Alternatively, the AP-2
proteins may be recruited to regions of the cell periphery
12 A Cotlegen Blammn . which are unoccupied by other AP-2 molecules, to form new
aggregates or coated pits, resulting in an overall increase in
10+ the density of AP-2 clusters which would be observed as an
increase in cluster density (CD). To distinguish between these
® two possibilities, AP-2 distributions in RD cells grown on

. different ECM proteins were analyzed using image correla-
tion spectroscopy. The parameters calculated are the average
. aggregate size as measured by DA (eq 3) and the density of
clusters as measured by CD (eq 2). Corresponding intensity
data are shown in Figure 2. As expected, the aggregate size
(black bars) and the density of AP-2 clusters (white bars)
on fibronectin were the same as those in cells grown on
polylysine (Figure 5). Results obtained on collagen reveal

. 4 RD cel incubated on icerfd h in theab that the average size of the AP-2 aggregates in the cell
IGURE 4: cells were incubated on icer in theabsence ; : ; _

of antibody N = 65 (A), N = 92 (B)] or with either 10ug/mL periphery |s_apprOX|mater 2-fold greater than the_ average
nonspecific control antibodyN = 61 (A), N = 109 (B)], FB12 aggregate size Qbserveq in cells grown on polylysme while
mAb [N = 63 (A), N = 110 (B)], GoH3 mAb N = 91), or both the cluster density remains unaffected; on laminin, both the
FB12 and GoH3 mAbsN = 98). These antibodies functionally — aggregate size and the cluster density increase compared to
block the integrin receptors. Cells were then plated onto coverslips ¢g||s grown on polylysine (Figure 5).

coated with either 1@g/mL collagen (A) or 10ug/mL laminin . . ) . .
(B) and grown for 24 h before being fixed and immunostained for Since the recruitment of AP-2 to the periphery is dependent

AP-2 as described in Materials and Methods. ICS analysis yielded ON the specific engagement aff}; andagf, integrins, it is
intensity values which were normalized to control cells incubated possible that AP-2 is needed to downregulate these integrins.
with the FB12 mAb prior to plating on polylysine. Error bars  This implies direct association of integrins with coated pits
Icnodnlffotlz SEM. Asterisks (*) indicatg < 0.001 compared to  \yhich should be observed as a colocalization of integrins
' and AP-2. To determine whether this occurs, RD cells grown
on laminin for 24 h were labeled with mAbs to eithei;
redistribution of AP-2 to the outer regions of cells grown (Figure 6A) oragfs; integrins (Figure 6C) and AP-2 (Figure
on collagen is completely inhibited by incubation with FB12. 6B,D) using different chromophores. Figure 6 shows rep-
In contrast, Figure 4B shows that the redistribution of AP-2 resentative examples of images from at least four separate
on laminin was reduced when cells were incubated with experiments in each of which a minimum of 10 cells was
either the FB12 or GoH3 antibodies. However, when both examined. We observed that batly3: and aef1 integrins
of these antibodies were used in combination, the level of were organized in filamentous structures radiating away from
AP-2 redistribution was reduced to the level of that observed the nucleus toward the edges of the cell whereas the AP-2
in RD cells grown on polylysine. This indicates that binding was distributed into a punctate pattern characteristic of coated
of both ;81 and agf; integrins to laminin contributes to  pits (21, 22). High magnification images of AP-2 and either
the observed redistribution of AP-2. There is no significant o,3; (Figure 6E) orogf: (Figure 6F) were overlaid to

i Colis

to Ci

a0 0.1 10 10.0 50.0

Laminin Concentration (ug/mL)
Ficure 3: RD cells grown on 22 mm coverslips coated with various

Intensity Relative to Control Cells

None Non-Specific FB12 None Non-Specific FB12 GoH3 FB12+ GoH3

Antibody Blocking Conditions
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3 (Figure 7D) integrins reveal characteristic focal adhesions.
- 0A A higher magnification overlay image (Figure 7F) illustrates
strong colocalization between these two integrins in linear
focal adhesion structures. It is also clear that there are areas
21 wherea,f3; integrins do not colocalize withgf; integrins

- (Figure 7F, arrows). This further confirms thais; integrins

are localized in both coated pits and focal adhesions while
ogf1 integrins are found only in focal adhesions. Resolving

' —— — — —_—— the green and red chromophores by shiftingdhg, integrin
image 1.8um slightly to the left confirms the strong
colocalization of the two receptors in focal adhesions. The
images in Figure 7 are representative examples of analyses

0 of a minimum of 10 cells from each of two separate

Fibronectin Collagen Laminin H
Extraceliular Matrix Protein (10 pgimL) experiments.

Ficure 5: RD cells grown on 22 mm coverslips coated with 10 DISCUSSION

ug/mL polylysine, fibronectin, collagen, or laminin for 24 h were . . . L
fixed and immunolabeled for AP-2 with the monoclonal AP-2  Fluorescentimages can provide compelling but qualitative
antibody, AC1-M11, as described in Materials and Methods. information about protein distribution and localization in

Aggregate sizes (DA, black bars) and cluster densities (CD, white individual cells. Image analysis provides a means to quantify
bars) were calculated from data obtained by ICS analyéis B1 ~ {he jnformation in individual images and to average the
(fibronectin),N = 76 (collagen)N = 82 (laminin)] and normalized b ti f hundreds of i ¢ t tati
to data obtained in control cells grown on polylysiné € 80). 0 serva_ lons rf)m undreas o 'mag,es 0 get representalive
The corresponding intensity data are shown in Figure 2. Error bars Population statistics. Image correlation spectroscopy (ICS)
indicate SEM. Asterisks (*) indicatp < 0.001 compared to  analysis performed at saturating conditions provides simul-
controls. taneous information about the average number of receptors,
the number of clusters they assemble into, and the average
determine whether there was colocalization. Almost all of number of receptors in each clusté&4), This has been
the AP-2 colocalized witha,f, integrins in coated pit  gemonstrated for the aggregation of influenza hemagglutinin
structures (Figure 6E, arrows); however, the linear structuresproteins containing specific mutations targeting them to
where the majority ofw,; integrins were distributed did  coated pits 23). ICS allows for detection of changes in
not contain any AP-2. Shifting the AP-2 image il 0 receptor distribution that might otherwise not be detected
the left (Figure 6G) resolves the individual red and green py conventional microscopic techniques. The greatest source
chromophores in the coated pits, confirming the colocaliza- of variability in ICS measurements occurs between cells,
tion between AP-2 andx,f;. Thus, it seems thatufi  which has a relative error of between 35% and 45%
integrins are organized into two populations: the majority associated with it. The relative error due to instrumental
of ayf: is found in linear or filamentous structures and a uncertainty is approximately 4.5%%).
smaller fraction colocalizes with AP-2 in coated pits. TO  The distribution of AP-2 proteins at the cell surface in
resolve whether a similar colocalization occurred between ¢g||g grown for a period of 24 h on collagen and laminin
AP-2 andagf; integrins, the corresponding overlays of high  giffers significantly from that on fibronectin or polylysine.
magpnification images were analyzed (Figure 6F). Surpris- Thjs difference in distribution is mediated specifically by
ingly, AP-2 did not colocalize witlwgf; integrins in coated ouf: integrins on collagen and by botty: and ogf:
pits (Figure 6F, arrows). However, like; integrins,asf1 integrins on laminin. This was demonstrated by blocking
integrins are also organized in filamentous structures. Shifting EcM binding of these integrins with antibodies which
the AP-2 image 0.4m to the left did not reveal ang: prevented the redistribution of AP-2. Thougkg; integrins
integrin in coated pits that may have been undetected in theare found in association with both AP-2 and focal adhesions,
direct overlay (Figure 6H). the inhibition of integrins is likely occurring in adhesion
To confirm that the linear structures correspond to integrins structures as opposed to coated pits. This is supported by
in focal adhesion complexes, the distributiorogf; integrins the observation that blocking the engagement ogB;
and vinculin was examined. Confocal images of a cell labeled integrins, which are found exclusively in focal adhesions,
for ayB: (Figure 7A) and vinculin (Figure 7B) reveal similar  also attenuates AP-2 redistribution to the cell periphery. On
filamentous patterns. Overlays at higher magnification reveal collagen, the redistribution of AP-2 manifests itself as larger
that these two proteins colocalize in the same linear AP-2-containing aggregates. On laminin, the AP-2 redistri-
structures, confirming them to be focal adhesions (Figure bution results in an increase in both the number and size of
7E). This observation is illustrated by shifting the vinculin aggregates. While this observed redistribution of AP-2 is
image 1.8m to the left (Figure 7G). It is also apparent that intriguing, it is not yet clear what its significance is. It may
there are some punctate areas wheye, integrins do not  be thatay; integrins function to increase AP-2 aggregate
colocalize with vinculin (Figure 7E,G, arrows). The pattern size whileag3; integrins increase AP-2 cluster density. In
of this fraction ofo, 31 does not appear filamentous and might CV-1 cells, increased endocytosis activity coincided with an
represent coated pits. increase in the average size of AP-2-containing aggregates
To determine whether botly31 and ogf:1 integrins as the adaptors moved from their nucleation sites into existing
colocalize in the same focal adhesions, cells were doubly coated pits 21, 22).
labeled with mAbs against each of these receptors. Individual It is probable that a movement of AP-2 to the periphery
images of cells labeled withw,5; (Figure 7C) andagf: of the cell would be coincident with an increase in endocy-

Relative to Control Celis
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A oy, B: AP-2

Ficure 6: Confocal images of RD cells grown on laminin for 24 h. Scale bars are shown in micrometers. AP-2 immunolabeling is shown
in green (B, D). Eitheny31 (A) or agf:1 (C) integrins are shown in red. Low magnification images (scale bar representsmipshow the

same cell labeled faw; 3, (A) and AP-2 (B) oragf; (C) and AP-2 (D). The boxed areas in these images were reimaged at a 10-fold greater
magnification (scale bar represents 1.86), and green and red images were overlaid to demonstrate colocalization. The higher magnification
images from cells shown in (A) and (B) immunolabeled égf; and AP-2, respectively, are shown in (E), and the higher magnification
images from cells shown in (C) and (D) immunolabeleddgf, and AP-2, respectively, are shown in (F). Regions where the green and
red overlap will result in yellow. Coated pits are indicated by the arrows. The green (AP-2) images from these overlays (E, F) were shifted
0.4 um to the left to better visualize individual chromophores.

tosis in that region. Indirect association between coated pitsintegrins. Though we do not have direct evidence th#t

and integrins has been previously shown using fluorescenceintegrins are being internalized, AP-2 is known to target
microscopy, which demonstrated the presence of integrinsreceptors for internalizatiorb6, 57). However,a,3; integrins

in intracellular compartments thought to be endocytic vesicles are found in linear adhesion sites that do not contain AP-2,
(36). Clathrin has also been detected in adhesion s#&s ( illustrating that only a fraction ofw,5; integrins are being
The present work shows that stimulationf3; and a1 internalized at any given time. Transmembrane receptors
integrins is responsible for AP-2 redistribution and possibly targeted for internalization are recognized by AP-2 through
an increase in endocytic activity. Such enhanced internaliza-specific sequences in their cytosolic tails. Two of these
tion would provide a mechanism for the downregulation of consensus sequences are YXX@&)(and NPXY @4, 45).
integrin-mediated signaling. It is clear from Figure 6 that Introduction of the internalization sequence YXXg is suf-
most of the AP-2 population in coated pits containg; ficient and necessary for internalization of influenza virus
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A: oy, B: vinculin

E: o,p, and vinculin overlay

G: o,B, and vinculin shifted overla H: o,f, and o,p, shifted overlay

3

Ficure 7: Confocal images of RD cells grown on laminin for 24 h were immunolabeled oy (red) and vinculin (green) a5, (red)

and a1 (green). Scale bars are shown in micrometers. Low magnification images (scale bar represents)$h6w the same cell
stained foroy3; (A) and vinculin (B) orayf: (C) andogfy (D). Higher magnification images (scale bar represents A from cells
shown in (A) and (B) immunolabeled for 3, and vinculin, respectively, are shown in (E), and the higher magnification images from cells
shown in (C) and (D) immunolabeled fass3; andagfs, respectively, are shown in (F). Regions where the green and red overlap will result
in yellow. The green (vinculin oogf;) images from these overlays (E, F) were shifted An8 to the left to better visualize individual
chromophores. The scale bars are shown in micrometers. Arrows on the overlay imagBsr{@icate areas where there is red chromophore
(0ufi) in the absence of green chromophore (vinculirng$i), which may correspond to coated pits.

hemagglutinin 23). The NPXY motif is conserved in the through the adaptor Sh6%). Whethera,(; integrins located
LDL receptor from six species and is required for endocytosis in focal adhesions or caveolae are responsible for signaling
(45). This motif is also found in EGF and insulin receptors AP-2 redistribution is unknown. Evidence from our integrin
which are also internalized through clathrin-coated [@63.( blocking experiments indicate that signaling from focal
It is therefore likely that the3; family of integrins may adhesions is necessary for the redistribution of AP-2.
interact with AP-2 through one of the two NPXY sequences  Theagf: integrin also mediates the redistribution of AP-2
located in the3; cytosolic tail. Prior to internalization, EGF  to the cell periphery, but unlike,/3;, it does not colocalize
receptors are found in caveolae where they initiate signalingwith AP-2 in coated pits. Therefore, the internalization and
responseshg@). Immunoprecipitation experiments have shown downregulation ofgf; is likely mediated by mechanisms
that o351 and asf3; integrins, but notoyf, agfi, or agfs different from those foiyS; integrins. If the NPXY motif
integrins, also associate with caveolin to mediate signaling functions by targeting; integrins to coated pits, it is likely
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that this sequence is masked by the subunit and thus
prevents the association af3; with AP-2. However g1
colocalizes withoy S, integrins in focal adhesions where they
generate signals for AP-2 redistribution into the cell periph-

ery,

We propose that signals generated by receptors associated27.

possibly to prepare for endocytosis @f3; integrins.

with caveolae ¢,3; andasf: integrins, EGF receptors) are

responsible for their subsequent association with AP-2; those

receptors that do not associate with caveotiaf, oS,
andogf; integrins) do not move into coated pits. This would
predict thatsf, integrins which also associate with caveolin

(59

would be internalized whilex,31 and ogf3: integrins

which do not associate with caveolin would not associate
with coated pits.
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