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ABSTRACT. Image correlation spectroscopy and cross correlation spectroscopy were used to demonstrate
that~25% of the internalization-competent influenza virus hemagglutinin mutant;8jAs colocalized

with clathrin and AP-2 at the plasma membrane of intact cells, while wild-type HA (which is excluded
from coated pits) does not colocalize with either protein. Clathrin and AP-2 clusters were saturated when
HA+8 was overexpressed, and this was accompanied by a redistribution of AP-2 into existing coated
pits. Howeverde novo coated pit formation was not observed. In nontreated cells, the number of clusters
of clathrin or AP-2 colocalized with HA8 was always comparable. Hypertonic treatment which disperses
the clathrin lattices resulted in more clusters containing AP-2 and-8lthan clathrin and HAS8. Less
colocalization of HA-8 with clathrin was also observed after cytosol acidification, which causes the
formation of deeply invaginated pits, where the H8 may be inaccessible to extracellular labeling by
antibodies, and blocks coated vesicle budding. However, cytosol acidification elevated the number of
clusters containing both HA8 and AP-2, suggesting an increase in their level of association outside of
the deep invaginations. Our results imply that AP-2 andt&4an colocalize in clusters devoid of clathrin,

at least in cells treated to alter the clathrin lattice structure. Although we cannot ascertain whether this
also occurs in untreated cells, we propose that AP-2 binding to membrane proteins carrying internalization
signals can occur prior to the binding of AP-2 to clathrin. While such complexes can in principle serve
to recruit clathrin for the formation of new coated pits, the higher affinity of the internalization signals
for clathrin-associated AP-2 [Rapoport, I., et al. (198RIBO J. 16 2240-2250] makes it more likely

that once the AP-2membrane protein complexes form, they are quickly recruited into existing coated
pits.

Receptor-mediated endocytosis via clathrin-coated pits receptor (YXXp, where X is any amino acid and is a
requires interactions between membrane receptors, clathrinhydrophobic amino acidl8, 19), and experiments in vivo
and the clathrin-associated adaptor protein complex (AP-2, suggest that this interaction is important for concentrating
reviewed in refsl—7). Clathrin is the structural component receptors in coated pits (reviewed in réfs7, 11, and20—
that forms the lattice lining the coated p&, @), while AP-2 23). Co-immunoprecipitation studies show that AP-2 does
binds to the internalization signals on the cytoplasmic tail bind to receptors such as members of the EGF receptor
of plasma membrane recepto 6, 10, 11), and recruits family (24—29), and to internalization-competent influenza
clathrin to the membranel2—17). virus hemagglutinin (HA) mutants 80). The binding of

There is strong evidence that AP-2 only binds to mem- AP-2 to clathrin in coated vesicles has been shown to
brane receptors that contain a particular internalization signal. enhance the interaction between AP-2 and peptides contain-
Binding studies in vitro show that the2 subunit of AP-2  ing internalization sequences by as much as 10-f&1gl (n
interacts with specific amino acid sequences containing turn, it is possible that interactions between membrane

tyrosine which are found on the cytoplasmic tail of the receptors and AP-2 increase the affinity of AP-2 for clathrin.
In situ evidence for these intermolecular interactions at the

plasma membrane of intact cells is not yet available.
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contains an addition of eight amino acids at the cytoplasmic virus stocks, as described previousB4,(45). Experiments
tail that includes an internalization sequence which induces were performed 36 h (HA wt) or 44 h (HA8) postinfection.
its rapid endocytosis from the cell surface at a rate of 60% Longer infection times were used for the H& because less
per minute 82). This internalization is mediated via coated than 20% of the protein is found at the cell membrane, and
pits, as indicated by its blockade following treatments known higher expression levels are needed to conduct immuno-
to disperse (hypertonic treatment) or “freeze” (cytosol acidi- fluorescence experiments.
fication) the coated pit structurg?). On the other hand, TreatmentsTreatments were carried out prior to labeling
wild-type HA (HA wt) is not internalized and does not inter- and fixation. For the hypertonic treatment, cells were left
act with coated pits30, 33, 34) and thus serves as a control. for 30 min at 37°C in HBSS buffered with 20 mM Hepes
Although it is known that clathrin and AP-2 interact to  (PH 7.2, HBSS/Hepes) containing 0.5 M sucrose. The cytosol
form coated pits and that AP-2 binds to certain internalization acidification protocol has been described in detail elsewhere
signals to concentrate cargo proteins into coated pits, the(34).
order in which these proteins interact in vivo is not known.  Immunofluorescent Labeling and Cell Fixatid@V-1 cells
In this study, we used image correlation spectroscopy (ICS) were washed twice with the appropriate ice-cold buffer:
(35—37) and image cross correlation spectroscopy (ICCS) HBSS/Hepes, 0.5 M sucrose in HBSS/Hepes, or KA buffer
(38, 39) to investigate this question. CV-1 cells have been (0.14 M KCI, 2 mM CaC}, 1 mM MgCk, 1 mM amiloride
used previously for studies of the internalization of transiently hydrochloride, and 20 mM HEPES) all at pH 7.2. An
expressed proteins and are particularly well suited for image additional wash with the same buffer and 2% BSA was
correlation measurements because they are lard8F00 performed before labeling and between all labeling steps.
um?) and flat (<2 um). Our findings demonstrate that a Cells were labeled at AC successively with (i) normal goat
significant fraction of the internalization-competent HA8 IgG (200ug/mL, 30 min), (i) rabbit anti-HA Falbfragments
is associated with most of the clathrin and AP-2 clusters at (100x«g/mL, 1 h), and (iii) FITC-labeled goat anti-rabbit Fab
the plasma membrane. On cells treated to disrupt the coatedragments (5Q:g/mL, 30 min). For treated cells, antibodies
pit structure, the level of association between+H&and were dissolved in the appropriate buffer. Following HA

clathrin is reduced while the association betweengfand labeling, the cells were warmed to 20 for 10 min to allow
AP-2 remains intact. This provides new evidence for in situ association of the HA proteins with coated pits. Incubation
clathrin-independent interactions between -H&\and AP- at 20°C rather than at 37C prevented significant internal-

2. This interaction with AP-2 can presumably be extended ization of HA+8.
to include interactions between internalization-competent Cells were fixed and permeabilized in methanol (5 min,
membrane receptors and AP-2 in general. This is consistent—20 °C) followed by acetone (2 min;-20 °C). Cells were
with the possibility that AP-2receptor binding may precede then labeled successively at room temperature with (i) normal
the AP-2-clathrin interactions in the coated pit assembly goat IgG (20Qug/mL, 1 h), (ii) AC1-M11 against the-chain
process. Although the interactions between AP-2 and inter- of AP-2 (50ug/mL) or X22 against the clathrin heavy chain
nalization signals are relatively weak§ 19, 40, 41) and (20 ug/mL) for 2 h, and (iii) RhR-labeled goat anti-mouse
may not play a key role in the initial recruitment of AP-2to Fab specific antibody ol h (50 ug/mL for AP-2 and 20
the plasma membrane, they are sufficient to mediate aug/mL for clathrin labeling). After extensive washing, the
redistribution of AP-2 to existing coated pits upon overex- coverslips were mounted on microscope slides using Airvol
pression of HA-8, probably by enhancing the affinity toward —containingn-propylgallate and taken for ICS studies.
clathrin of AP-2 bound to the internalization motif. Image Collection Dually labeled cells were visualized
using a Biorad MRC 600 Confocal microscope equipped with
EXPERIMENTAL PROCEDURES an Ar/Kr mixed gas laser and using the appropriate filter
Antibodies X22 mouse monoclonal antibodies (MADb) sets for dual fluorophore imaging. Cells expressing appropri-
against the clathrin heavy chain were a gift from F. Brodsky ate HA levels were selected under mercury lamp illumination
(University of California, San Francisco, CA). AC1-M11 ysing a 66 (1.4 NA) objective and an inverted Nikon
mouse mAb for thea-chain of AP-2 42) were prepared  microscope. An area on the cell, removed from the nucleus,
using hybridoma cells donated by M. S. Robinson (University was zoomed in on (10) and visualized. Fluorescein is more
of Cambridge, Cambridge, U.K.). Monovalent Faioly- susceptible to photobleaching so the HA protein labeling was
clonal rabbit antibodies to Japan HA (A/Japan/305/57 strain) visualized first. The filter wheel was set for 488 nm laser
were described previouslBQ, 34). FITC-labeled goat anti-  excitation, and neutral density filters were used to attenuate
rabbit Fabwas prepared from FITC-labeled F(pobtained  the laser to 1% laser power. Twenty-five scans were
from Jackson Immuno-Research. FITC-labeled and unlabeledaccumulated on photomultiplier tube 2 (PMT2) in photon
Fab specific goat anti-mouse antibodies, Fc specific goat anti-counting mode (to ensure linear scaling of the intensity). The
mouse antibodies, and normal goat IgG were from Sigma. filter wheel was then shifted to allow excitation with the
The FluoReporter Rhodamine Red (RhR) Protein Labelling 568 nm laser line, and five scans were accumulated on
Kit was from Molecular Probes (Eugene, OR), and was used PMT1. In this way, only one fluorophore at a time is excited
to label goat anti-mouse Fab and Fc specific antibodies. Theand cross talk between the two collection channels is
fluorophore-to-protein ratios were determined to be 2.2:1 minimized to <1% of the intensity of the primary fluoro-
(Fab specific) and 2.7:1 (Fc specific). phore. The two photomultiplier tubes were set with the black
Cell Culture and InfectionCV-1 cells were grown43), level at 6.0 on the vernier scale, and the gain set at 10. After
and SV40 virus stocks for HA wt or HA8 were prepared  collection of each set of five images, images were collected
as described previously3Q, 44). Cells were infected in  using identical settings but with the shutter to the sample
suspension for 45 min on ice with third-passage recombinantclosed to obtain a measure of the dark current for each PMT.
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Data Analysis and InterpretatiorThe principles of ICS
and ICCS have been described previou8k<39), and their

Brown et al.

origin to coordinatest, and y,. In cases where there is
significant cross correlation, these coordinate shifts<t@

application to studies of membrane proteins has beenpixels (<0.3um). In those cases where there is no significant

demonstrated3Q, 35—39, 46). Basically, in the ICS analysis,
an autocorrelation function is determined from the intensity
fluctuations within a confocal laser scanning microscope
image and the amplitude of the functiay(p,0), provides a

cross correlation, spurious correlations are frequently found
at random coordinates in the correlation function. The
fraction of images which exhibit an average xafandy,

below 10 pixels provides a good measure of the fraction of

quantitative measurement of the number of independentcells in the population which exhibit significant colocalization
fluorescent clusters per square micrometer of cell membraneof the two proteins.

i.e., the cluster density (CD):
1
9(0,070)”

wherew is the €2 radius of the laser beam. In turn, in the
ICCS analysis, the amplitude of a cross correlation function
is calculated from the intensity fluctuations within two
separate images arising from two distinct proteins (immu-
nofluorescently labeled with two distinct fluorescent probes)

1)

within the same area of the cell. In this case, the amplitude
can be interpreted as a density of clusters containing both

proteins. Following the methods of Rigler and co-workers
(47), it can be shown that the density of colocalized clusters
(CDgy) can be 88) determined with eq 2:

N

0,00 N,

¥ g,0,08(0,0m0,” 7wy’

CD,

(@)

where g¢(0,0) is the amplitude of the cross correlation

Control ExperimentsCross correlation between unrelated
images was examined as a negative control. The percentage
of images which provided a fit at the origin of the cross
correlation function was<1%. Those few that did fit at the
origin yieldedF(H|A) values of~0.03 andF(A|H) values
of ~0.13. Consequently, values for the fraction of colocal-
ization of >0.15 are reliable.

Experiments in which clathrin is labeled simultaneously
with two fluorophores (X22 mAb followed by simultaneous
labeling with both FITC-labeled Fab specific antibody and
RhR-labeled Fc specific antibody) served as a positive
control. All images yielded cross correlation at the origin of
the function; the fraction of FITC-labeled clusters associated
with RhR-labeled clustersF[G|R)] was 0.90, while the
fraction of RhR-labeled clusters associated with FITC-labeled
clusters F(R/G)] was 1.07. The deviations d¥(G|R) and
F(RIG) from 1.0 are consistent with an energy transfer
process, but clearly, the effect is smal{0%) even when
the fluorophores are known to be close to each other. Since
fluorescence is collected in separate channels using only one

function between images of green and red labeled proteinsgycitation beam at a time, the extent of crossover of

andgy(0,0) andg,(0,0) are the amplitudes of the autocorre-

fluorescence between channels is 1% or less in either

lation functions corresponding to images of the green and gjrection.

red labeled proteins, respectively.

It is often more informative to describe colocalization in
terms of the fraction of clusters of one protein which are
associated with clusters of the other protein. The fraction of
HA clusters H, green) that are associated with clathi@) (
red) or AP-2 A red) clusters is defined by eq 3:

CD,,
CD,

CDy,
CD,’

F(HIC) = F(HIA) = 3

Similarly, the fraction of clathrin or AP-2 clusters associated
with HA clusters is defined by eq 4:

CD
FAIH) = —=*

CD,,
FCIH) = &5 o
r

CD,’

(4)

In previous work, it was observed that the HA protein is

Statistics.Standard error of the mean (SEM) values were
calculated from the raw data at the 99% confidence level.
One-tailed Student’stests for the difference between means
were conducted, and values were considered significantly
different if P < 0.01. Comments within the text are based
on theset test results, andP values are only quoted for
selected data.

RESULTS

Native Distributions and Colocalization of the Proteins
ICS analysis of images of cell surfaces labeled by indirect
immunofluorescence can provide information about the
native distribution of the target antigens. HA wt has a high
cluster density (CD, eq 1)relative to the other proteins
(Table 1), indicating that HA wt is more dispersed in the
membrane, or that there are more independent clusters of
HA wt per unit area. Note that in ICS a cluster can be a

only labeled on the top surface of the cell (for example, see |3ge aggregate or as small as a monomer, as long as it

Figure 1 in ref30, 38), while both AP-2 and clathrin are
labeled on the inside surface of the upper and lower
membrane of the cell3g, 43, 46). The measured cluster
density of AP-2 or clathrin (CPis therefore twice the “real”
value per unit area of membrane. Only clathrin and AP-2
clusters on the top surface of the cell will contain “labeled”
HA protein and contribute to the colocalization analysis. The
proper fraction of colocalization is therefore obtained in these
experiments when the fraction is multiplied by 2 (corre-
sponding to dividing the CDby 2).

Because of imperfections in the microscope, the maximum

of the cross correlation function is shifted slightly from the

contributes to the correlation function as one independent
fluctuation. HA+8 was more aggregated than HA wt (has a
lower CD), presumably due to localization within coated pits.
However, HA+8 was more dispersed than clathrin or AP-2,
consistent with the idea that a fraction of H& is free to
diffuse in the membrane and is not associated with coated
pits (44). The CD values for clathrin and AP-2 are similar

2 Previous results were presented in terms of the degree of aggrega-
tion (DA; number of clusters per square micrometer) which takes into
account variable HA expression leveRB0). However, CDs are used
here because it is the parameter needed for the cross correlation analysis.
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Table 1: Summary of the Autocorrelation Results

[ SEM [CDHt SEM
protein (arbitrary units) (clustersim?) NP
wt HA 46+04 18+ 2 360
HA+8 2.3+ 05 3.2+ 0.7 303
clathrin 3.3+ 0.3 0.9+ 0.1 356
AP-2 3.5+ 0.3 1.0+ 0.2 277

a Autocorrelation results from all control experiments for the four
proteins that were studie@values were corrected for contributions
from instrument noise, nonspecific secondary antibody binding, and
autofluorescenced, 43). Cluster density (CD) values were calculated
using the autocorrelation results and ed Rumber of cells imaged
and analyzed.

to CD values previously determined with noninfected cells
(Table 1,38, 43, 46).2

An ICCS analysis was conducted on cells labeled with
antibodies to both the HA protein and clathrin or AP-2.
Consistent with the fact that HA wt does not undergo
clathrin-mediated endocytosi83, 34), there was very little
colocalization between HA wt and clathrin or AP-2. Only
~20% of the cells expressing HA wt exhibited some degree
of cross correlation, corresponding te2% of the HA wt
clusters. The lack of colocalization between HA wt and
clathrin is shown qualitatively in Figure FAC. Similar
results were obtained with HA wt and AP-2 (not shown).

HA+8 exhibited a high level of colocalization with both
clathrin (Figure 1B-F and Table 2) and AP-2 (Figure %
and Table 2), and all of the cells that were visualized
exhibited some level of colocalization. The fractions of
HA+8 associated with clathrin and AP-2 were identical (eq
3 and Table 2), indicating that one-quarter of the H3A
clusters are associated with clathrin and AP-2. Correspond-
ingly, three-quarters of the HAS clusters are not associated
with clathrin or AP-2, in accord with the finding that the
fraction of laterally mobile HA-8 is 25% lower than that
of HA wt (44). Indeed, there are some green spots which
must correspond to clusters which only contain H&
(Figure 1F,l). Some of these clusters could be 48\
localized within endosomes, but this contribution should be
relatively small due to the short period of incubation at 20
°C. The fractions of clathrin and AP-2 associated with-+8\
were essentially the same (eq 4 and Table 2), suggestin
that the clusters correspond to coated pits containing clathrin
and AP-2. There were also a number of bright red spots
corresponding to clathrin or AP-2 aggregates which did not
colocalize with HA+8 (Figure 1F,l). This is expected
because HA-8 is only labeled on the upper membrane of
the cell, whereas clathrin and AP-2 are labeled on both
membranes (see Data Analysis and Interpretation). Data ar
normalized for the total membrane area that is labeled within

each image to take this into account (see Data Analysis and

Interpretation). In other words, a fraction of 0.7 means that
~70% of the total clathrin and AP-2 aggregates contain
HA+8, which is in agreement with our previous estimate
that ~65% of the total clathrin protein is associated with

coated pits in the periphery of CV-1 cell8§ 46). CDy is

the density of clusters containing both H& and clathrin,

or HA+8 and AP-2, and the value 0.6 clustepm? is in

8 Cells infected to produce HA proteins are flattel5( so that
contributions to the ICS data from cytosolic proteins are smaller,
resulting in lower CD values for clathrin and AP-2 (Table 1) relative
to previous measurements on noninfected c@8 43, 46).

€
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line with our previous estimate for the distribution of coated
pits on CV-1 cells 88, 46).

Expression of HA8 Causes a Redistribution of AP-2 into
Existing Coated PitsWhen a transfected system is studied,
there is cell-to-cell variation in the expression level of the
HA proteins. This makes comparing the density of H&\
to the distribution of the coated pit components on an
individual cell basis straightforward. The amount of HA
expressed by a cell is estimated by the average intensity of
fluorescencelil] and the distribution of clathrin, or AP-2,
on the same cell is measured by the CD value. Figure 2
shows the CD values for clathrin (Figure 2A) and AP-2
(Figure 2B), as a function of th&for either HA wt (white
bars) or HA+8 (black bars). The distribution of clathrin was
not affected by the expression level of HA wt (Figure 2A;
compare the white bars) or Hi#8 (Figure 2A; compare the
black bars). Furthermore, the presence of48Adid not
change the clathrin distribution relative to that of cells
expressing HA wt (Figure 2A; compare the white and black
bars). Thus, overexpression of HA does not induce the
formation of new clathrin clusters, or coated pits, which
would result in a change in the CD value. Although the
expression level of HA wt has no effect on the AP-2
distribution (Figure 2B; compare the white bars), the presence
of HA+8 causes it to aggregate (decreases the CD value,
Figure 2B; compare the white and black bars). Furthermore,
the aggregation of AP-2 is further enhanced at highefH8A
expression levels (Figure 2B; compare the black bars).
Therefore, the expression of H8 must cause a redistribu-
tion of AP-2 into existing coated pit structures, but it does
not cause de novo coated pit formation.

Every AP-2 and Clathrin Aggregate Is Associated with
HA-+8 at High Expression Lels At low HA+8 expression
levels, 60-70% of the clathrin and AP-2 clusters are
associated with HA8 (Table 3). However, at high expres-
sion levels, essentially all of the clathrin and AP-2 clusters
contain some HA-8 (Table 3). If there was a significant
amount of clathrin, or AP-2, free in the cytosol, it should
not be colocalized with HA8, and the fraction of clathrin
and AP-2 associated with HA8 should not equal 1. Thus,
the contribution from free clathrin, or free AP-2, within the

g(:ytosol to the ICCS analysis is not significant at high-H&\

expression levels. The total number of clusters containing
both HA+8 and clathrin, or HA-8 and AP-2, increases at
high expression levels (Table 3; although the increase ig CD
for the HA+8 and clathrin colocalization is not statistically
significant). Therefore, at low expression levels, we are
looking at cells that are expressing a moderate level ofHdA
and the coated pits are not saturated.

The fractions of HA-8 associated with clathrin or AP-2
at high expression levels are reduced, indicating that a smaller
fraction of HA+8 is associated with clathrin and AP-2
aggregates (Table 3). At high expression levels, excess
HA+8 molecules remain free in the membrane, resulting in
an increase in the total number of H# clusters, CIp from
2—3 to 8-10 clustersin?. Therefore, there is a correspond-
ing decrease in the fraction of Hi¥8 clusters associated with
clathrin and AP-2 (eq 3). A small percentage of cells
expressing HA wt exhibit some colocalization with clathrin
or AP-2. However, there is no correlation between the HA
wt expression level and the amount of colocalization with
clathrin, or AP-2.
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Ficure 1: Indirect immunofluorescent labeling of the HA proteins, clathrin, or AP-2. CV-1 cells were immunofluorescently labeled for the
HA protein fixed with methanol and acetone and then labeled for clathrin or AP-2 (see Experimental Procedures). Images are of FITC-
labeled HA wt (A) or HA+8 (D and G) or of rhodamine-labeled clathrin (B and E) or AP-2 (H). Background intensity was subtracted off,
and images were contrast enhanced and overlapped (C, F, and I) using Adobe Photoshop 4.0. The scalevbar is 5

Table 2: Cross Correlation Results for Nontreated €ells

F(H|C) or F(CIH) or CDy (colocalized
protein  F(H|A) £ SEM F(A/H) + SEM c?ustersdtmz) NP
clathrin (C)  0.25+ 0.02 0.72+ 0.06 0.59+ 0.06 175
AP-2 (A) 0.25+ 0.03 0.69+ 0.07 0.57+ 0.06 127

aCross correlation results from experiments where8Aand
clathrin (six experiments) or HA8 and AP-2 (five experiments) were

of clathrin (CD= 1.7 + 0.07) but some large aggregates of
clathrin are still present (for further details, see46f. ICS

and ICCS analyses demonstrate that under these conditions
there is a dissociation of HA8 from coated pits or residual
clathrin aggregates. This is shown by (i) a decrease in the
fraction of HA+8 associated with clathrin indicating that
there are fewer HA-8 molecules in each coated pit (Table

dually labeled as explained in Experimental Procedures. The fractions 4) and (”) a reduction in the number of clusters Containing

of HA+8 colocalized with clathrinF(H|C), or AP-2, F(H|A), were
calculated from the ratio of the autocorrelation CD values (eq 2) for
the HA+8 and the CIy value (eq 3) calculated from the cross
correlation results. The fraction of clathriR(C|H), or AP-2,F(A|H),
associated with HA8 was calculated as the ratio of the autocorrelation
CD values for clathrin or AP-2 (eq 2), and the gDvalue (eq 4)
calculated from the cross correlation analy&ilumber of cells imaged
and analyzed.

Hypertonic Conditions Reduce the Extent of HRAColo-
calization with Clathrin but Increase the Extent of Colocal-
ization with AP-2Hypertonic conditions are known to inhibit

both HA+8 and clathrin (Table 4), indicating that there are
some residual clathrin aggregates, which no longer contain
HA+8 following hypertonic treatment. The slight decrease
in the fraction of clathrin associated with HA following
hypertonic treatment is not statistically significaRt¥ 0.10).

ICS analysis showed that both H#&8 (not shown30) and
AP-2 (CD=1.494+ 0.08;46) disperse following hypertonic
treatment. However, the ICCS analysis showed that following
hypertonic treatment there was an increase in the fraction
of AP-2 associated with HA8, and in the total number of

clathrin-mediated endocytosis by disrupting the coated pit clusters containing both HA8 and AP-2 (Table 4P <
structure 48). Under these conditions, there is a dispersion 0.0005 for bothF(A|H) and CLy) so that essentially all of
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2.0

1.5

Cluster Density, CD (Clusters/umz)

Low High
Expression Expression

Ficure 2: Distributions of clathrin and AP-2 as a function of the
HA protein expression level. Autocorrelation results from five to
six experiments comparing the cluster density (CD, eq 2) of clathrin
(A) or AP-2 (B) to the expression level of HA wt (white bars) or
HA+8 (black bars). The high expression level for HA was
arbitrarily set to any cell with afilCJof HA labeling of more than
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Table 4: Cross Correlation Results and Hypertonic Treatinent
F(H|C) or F(C|H) or

CDy (colocalized

protein treatmentF(H|A) = SEM F(A|H) & SEM  clusterskm?) NP
clathrin control ~ 0.26:0.03  0.74+0.10 0.65£0.10 90
(C) hypertoni€ 0.10+ 0.02 0.66+ 0.16 0.47+0.10 42
AP-2  control 0.274 0.05 0.70+ 0.17 0.74+£0.17 22
(A) hypertoni¢ 0.094+0.03  1.20+0.17 1.30+0.40 30

a Cross correlation results from two experiments. Cells were labeled
for HA+8 and clathrin or HA-8 and AP-2 as explained in Experimental
Procedures. The fraction of colocalized proteins ang,@&lues were
calculated as described in Table *2Number of cells imaged and
analyzed that demonstrated significant cross correlatiblypertonic
treatment as described in Experimental Procedures.

Table 5: Cross Correlation Results and Cytoplasmic Acidific&tion

F(H|C) or F(CIH) or
protein treatment(H|A) £ SEM F(AH) £ SEM

CDy (colocalized
c?ustersamZ)

clathrin control  0.3H-0.06  0.54+0.13 0.40+0.09 30
(C) acidic  0.05+0.03  0.32+0.12 0.20+0.05 33
AP-2  control  0.26£0.06  0.50+0.10 0.50+0.10 45
(A) acidicc  0.10+0.06  0.30+0.13 0.49+0.16 37

a Cross correlation results from two experiments. Cells were labeled
for HA+8 and clathrin or HA-8 and AP-2 as explained in Experimental
Procedures. The fraction of colocalized proteins and thg, @&lues
were calculated as described in Tablé Rlumber of cells imaged and
analyzed that demonstrated significant cross correlati@ytosol
acidification as described in r&4.

control conditions where the GPis the same for HA-8
association with clathrin or AP-2 (Table 2), the hypertonic
treatment resulted in more AP-2 clusters containingt&A
than clathrin clusters (Table 4). This means that there must
be AP-2 clusters containing HiA8 that are not associated
with clathrin. It should be noted that some of the decrease
in the fraction of HA+8 associated with AP-2 is due to the
dispersion of HAF8 which causes an increase in the total
number of HA+8 clusters at the membrane (Table 4).
Following hypertonic treatment, there is still very little
colocalization between HA wt and clathrin or AP-2.
Cytosol Acidification Reduces the Extent of -HAColo-
calization with Clathrin but Increases the Extent of Colo-
calization with AP-2 Cytosol acidification inhibits endocy-
tosis by “freezing” clathrin-coated pits in a highly invaginated
state 49, 50). Under these conditions, there is an aggregation
of clathrin (CD= 0.654 0.02), presumably because there

5 intensity units. Error bars represent the standard error of the meanjs more clathrin associated with each highly invaginated

Table 3: Cross Correlation Results as a Function oft8A
Expression Levél

expression F(H|C) or F(CIH) or CDF,(coIocaIized .

protein level F(H|A) & SEM F(A/H) & SEM clusterstm?)

clathrin  low 0.264+ 0.02 0.69+ 0.06 0.57+0.07 158
© high 0.144 0.05 1.03t 0.26 0.74+0.23 17

AP-2 low 0.27+0.03  0.61+0.05 0.54+0.06 111
(A) high 0.08+0.04 1.26+0.31 0.81+0.32 15

aCross correlation results from experiments where#8Aand
clathrin (six experiments) or HA8 and AP-2 (five experiments) were

dually labeled as described in Experimental Procedures. The fractions

of colocalized proteins and the G¥alues were calculated as described
in Table 2. High expression levels of the H& were arbitrarily set to
any cell with anfiCvalue of more than 2 Number of cells imaged
and analyzed.

the AP-2 clusters contain some HA. This indicates that
although HA+8 dissociated from clathrin-coated pits, it

coated pit. There is also an aggregation of the free clathrin
in the cytosol 46, 50). Cross correlation analysis reveals
that only~60% of the cells had a significant level of cross
correlation between HAS8 and clathrin. On those cells, the
density of clusters that contained both H8 and clathrin
was about half that of control values (gPrable 5). There
was a corresponding decrease in the fraction of-H8A
colocalized with clathrin and the fraction of clathrin colo-
calized with HA+-8 (Table 5). This result is unexpected since
coated pits are still present following cytosol acidification,
and internalization is only inhibited because these structures
cannot bud from the membrangQj. There is every reason
to think that HA+8 would still be present in these highly
invaginated coated pits. In fact, this may still be the case,
and the apparent lack of correlation between thett8fand
clathrin may be due to the inaccessibility of H& molecules

in deeply invaginated coated pits to the extracellular labeling

remained associated with AP-2, and previously unassociatedof the cells by primary and secondary Falagments. It has

AP-2 must have also become associated witht8AUnlike

previously been shown that in cells in which the cytosol is
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acidified, 7~—15% of the surface population of another AP-2 association in hypertonically treated cells is in accord
internalization-competent HA mutant, HA-Y543, are inac- with earlier lateral mobility studies which demonstrated a
cessible to extracellular trypsin (comparable in size td;Fab shift of HA+8 from stable to transient interactions with
34). Since HA+8 is more tightly associated with coated pits immobile structures, and this relatively weak (transient)
than HA-Y543 B4, 44), it is likely that a higher percentage interaction after hypertonic treatment could be with the
of HA+8 molecules at the cell surface would be inaccessible remaining AP-2 clusters4d). A major difference between

to the Fab fragments. Thus, in cytosol-acidified cells, the the conditions of the ICCS studies and co-immunoprecipi-
HA+8 population located outside of highly invaginated tation experiments is that the latter involve detergent solu-
coated pits could be preferentially labeled, leading to the bilization, which could disrupt the clathrin-independent
apparent dispersal of HA8, and to a reduced level of HA-+8—AP-2 complexes. This emphasizes the advantage of

colocalization with clathrin. performing experiments in situ where the use of detergents
About 80% of the cells treated to acidify the cytosol is not necessary.
exhibited a significant level of colocalization between & The current data demonstrate that an internalization-

and AP-2, and the fractions of colocalized proteins were both competent protein can interact with AP-2 in clusters devoid
reduced relative to control cells (Table 5). This reduction is of clathrin in cells treated to alter their clathrin lattice struc-
in part due to the fact that both Hi#8 (not shown) and AP-2 ture. In untreated cells, the higher affinity of the internaliza-
(CD = 2.5 + 0.1; 46) disperse when the cytoplasm is tion signal for AP-2 in complex with clathrin3() would
acidified. This results in an increase in the total number of favor the association of HA8—AP-2 complexes with either
HA-+8 or AP-2 clusters, and a corresponding decrease inexisting coated pits or free clathrin. Under such conditions,
the fraction of colocalized protein. Nevertheless, there is no clathrin free HA-8—AP-2 clusters, if they form at all, would
change in the total number of clusters containing bothH8A  be short-lived and their steady-state level is expected to be
and AP-2 (CQ: ~ 0.5 clustertm?). Analogous to the  verylow. Although we cannot ascertain whether such clusters
hypertonic treatment, this indicates that there are clustersdo form in untreated cells, the ability to detect them in cells
containing AP-2 and HA8 that do not contain clathrin.  treated with hypertonic medium, which actually decreases
Following cytosol acidification, only~3—12% of the cells  the affinity of AP-2 for HA+8 (30), suggests that this
expressing HA wt exhibited any significant amount of interaction can occur. This notion is further supported by
colocalization with clathrin, or AP-2. the detection of HA-8—AP-2 clusters that do not colocalize
with clathrin in cytosol-acidified cells (Table 5), where the
DISCUSSION preferential labeling of HA-8 molecules located outside of
ICS and ICCS were used to demonstrate and quantify thedeeply invaginated pits creates conditions that enable their
colocalization of the internalization-competent protein,HA detection. We propose that the binding of membrane proteins
(30, 32), with clathrin and AP-2 in situ, in intact cells. Our  carrying internalization signals to AP-2 may precede the AP-
results show that HA8 was colocalized with clathrin and  2—clathrin association in the coated pit assembly process.
AP-2 at the plasma membrane and strongly suggest that thednce formed, these complexes either can serve to recruit
colocalization occurred within clathrin-coated pits. When the clathrin from the cytosol or, more likely, can be recruited to
cells were treated to disrupt the coated pit structure, the and associate with existing coated pits, due to the enhanced
interactions between HA8 and clathrin or AP-2 were  affinity in the clathrin-containing complex3().
altered. These findings demonstrate for the first time in whole This proposa| is Supported by a second fmdmg of our
cells that following treatments that disrupt endocytosis an work, that even low expression levels of H& caused a
internalization-competent protein can interact with AP-2 in redistribution of AP-2 to existing coated pits (Figure 2). At
clusters devoid of clathrin, at least in cells treated to alter higher levels of HA-8 expression, this redistribution of AP-2
their clathrin lattice structure. was even more apparent (Figure 2). The effect is specific to
We have previously proposed a model for the distribution HA+8, since expression of high levels of HA wt did not
of AP-2 at the cell surface based on ICS da3 @6). The change the AP-2 distribution (Figure 2). This H:8-
model proposed two populations of AP-2 clusters: (i) large mediated redistribution of AP-2 could not occur if coated
clusters associated with clathrin in coated pits and (i) smaller pits were already saturated with AP-2 and were simply
clusters which could represent coated pit nucleation sites.trapping HA+8 as it diffused into them; it also suggests that
Following hypertonic treatment or cytosol acidification, the an increased extent of association of AP-2 with internaliza-
smaller clusters dissociate to some extent, causing a dispertion-competent proteins enhances the binding of AP-2 to
sion of AP-2 @3, 46). Here we show that this is accompanied clathrin. We have evidence from a number of cell types that
by a shift to more clusters containing H/8 and AP-2than ~ AP-2 is more aggregated on large cells where there should
HA+8 and clathrin (Tables 4 and 5). Thus, it can be also be an increased demand for endocyto38}. (Taken
concluded that following the treatments described above together, this suggests that in response to an increased
HA+8 can interact with AP-2 in clathrin-independent demand for endocytosis the cell may increase the amount
clusters, and that this interaction does not depend on theof AP-2 associated with each coated pit without changing
smaller AP-2 clusters remaining intact. the distribution of coated pits. The net result will be an
Although there is an increase in the percentage ofH8A  increase in the number of receptors bound in each coated
interacting with AP-2 after hypertonic treatment (Table 4), pit, increasing the rate of endocytosis without the need for
the association between them may become weaker, probablyde novo coated pit formation.
due to the absence of clathriBl( 46). This is indicated by Previous studies have provided evidence that there is an
the reduced amount of co-immunoprecipitation of the two increase in the amount of membrane-associated clathrin when
proteins after hypertonic treatmeQdj. A weaker HA+8— transferrin receptor is highly overexpresséd, (52). It is
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possible that at very high expression levels of proteins
carrying strong internalization signals the cell responds by
recruiting cytosolic clathrin to increase the coated pit density,
but it appears that at levels below or slightly above saturation
of the coated pits (see Figure 2) the cellular response is to
redistribute AP-2 so that each coated pit can bind a higher
number of receptors. This is in accord with the report of
Santini et al. $3), where no correlation was found between
the level of constitutively internalized membrane receptors
(at levels just high enough to saturate the endocytosis
pathway) and the number of coated pits or the amount of
membrane-associated clathrin or AP-2. Since small clusters
of AP-2 devoid of clathrin cannot be detected by eye in
fluorescence image88, 46), these former studies could not
elucidate small changes in the distribution of membrane-
associated AP-2, which can be detected by the more sensitive
ICS analysis employed here.

In summary, using ICS and ICCS, low levels of, and subtle
changes in, the distribution and colocalization of proteins
are easily extracted from images where it would be difficult,
at best, to determine changes in these parameters visually.
Using these methods, we were able to detect for the first
time clathrin free clusters containing H/A8 and AP-2 in
whole cells. In addition, we were able to detect subtle
changes in the distribution of AP-2 in the presence of
increased levels of an internalization-competent protein. On
the basis of these results, we propose that the binding of
AP-2 to internalization signals on membrane proteins may
occur prior to the association of AP-2 with clathrin, and likely
plays an important role in the redistribution of AP-2 to
preexisting coated pits.
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