
Molecular Biology of the Cell
Vol. 9, 1177–1194, May 1998

Endocytic Clathrin-coated Pit Formation Is
Independent of Receptor Internalization Signal Levels
Francesca Santini,* Michael S. Marks,† and James H. Keen*‡

*Kimmel Cancer Institute and the Departments of Microbiology and Immunology and of
Biochemistry and Molecular Pharmacology, Thomas Jefferson University, Philadelphia, Pennsylvania
19107; and †Department of Pathology and Laboratory Medicine, University of Pennsylvania School of
Medicine, Philadelphia, Pennsylvania 19104

Submitted October 31, 1997; Accepted February 6, 1998
Monitoring Editor: Monty Kreiger

The mechanisms responsible for coated pit formation in cells remain unknown, but
indirect evidence has argued both for and against a critical role of receptor cytoplasmic
domains in the process. If the endocytic motifs of receptors are responsible for recruiting
AP2 to the plasma membrane, thereby driving coated pit formation, then the level of
constitutively internalized receptors at the membrane would be expected to govern the
steady-state level of coated pits in cells. Here we directly test this hypothesis for broad
classes of receptors containing three distinct constitutive internalization signals. Chimeric
proteins consisting of an integral membrane reporter protein (Tac) coupled to cytoplas-
mic domains bearing tyrosine-, di-leucine-, or acidic cluster/casein kinase II-based
internalization signals were overexpressed to levels that saturated the internalization
pathway. Quantitative confocal immunofluorescence microscopy indicated that the num-
ber of plasma membrane clathrin-coated pits and the concentration of their structural
components were invariant when comparing cells expressing saturating levels of the
chimeric receptors to nonexpressing cells or to cells expressing only the Tac reporter
lacking cytoplasmic internalization signals. Biochemical analysis showed that the distri-
bution of coat proteins between assembled coated pits and soluble pools was also not
altered by receptor overexpression. Finally, the cellular localizations of AP2 and AP1
were similarly unaffected. These results provide a clear indication that receptor endocytic
signals do not determine coated pit levels by directly recruiting AP2 molecules. Rather,
the findings support a model in which coated pit formation proceeds through recruit-
ment and activation of AP2, likely through a limited number of regulated docking sites
that act independently of endocytic signals.

INTRODUCTION

The initial steps in the formation of clathrin-coated
pits (CPs) at the plasma membrane and trans-Golgi
network (TGN) involve the recruitment to the mem-
brane of clathrin and either AP2 (at the plasma mem-
brane) or AP1 (in the TGN). Substantial cytosolic pools
of these proteins exist in cells, often equaling or ex-
ceeding the membrane-bound forms (Goud et al.,

1985). Several studies have shown that hormonal stim-
ulation can lead to rapid and sustained several-fold
increases in plasma membrane CPs under certain con-
ditions, consistent with mobilization of these soluble
pools (Connolly et al., 1981, 1984; Fisher and Rebhun,
1983). Nonetheless, little is known about the details of
CP formation at the plasma membrane.

The finding that AP2 binds to specific internaliza-
tion signals (endocytic motifs) in the cytoplasmic do-
mains of certain transmembrane receptors (Pearse,
1988; Glickman et al., 1989) led to the speculation that
the receptors themselves may initiate CP assembly by
recruiting AP2 to the membrane (Pearse and

‡ Corresponding author.
1 Abbreviations used: CP, Coated pit; M6P, mannose-6-phos-

phate; TGN, trans-Golgi network.
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Crowther, 1987; Brodsky, 1988). This concept has re-
ceived experimental support from subsequent demon-
strations that AP2 can bind directly to other receptor
cytosolic domains (Glickman et al., 1989; Beltzer and
Spiess, 1991; Sorkin et al., 1995) and to isolated sorting
signals (Boll et al., 1996; Heilker et al., 1996; Honing et
al., 1996). Among the signals described thus far, the
best characterized conform to either of two tyrosine-
based motifs (YXXf or NXXY, where X is any amino
acid and f is an amino acid with a bulky hydrophobic
group), the di-leucine motif, and the acidic cluster/
casein kinase II site (Trowbridge, 1991; Trowbridge et
al., 1993; Pond et al., 1995; Voorhees et al., 1995). Ty-
rosine-based motifs have been shown to interact with
the m2 and m1 subunits of AP2 and AP1, respectively
(Ohno et al., 1995, 1996; Boll et al., 1996). There is also
evidence that di-leucine–based (Heilker et al., 1996;
Salamero et al., 1996; Dietrich et al., 1997) and acidic
cluster signals (Mauxion et al., 1996; Dittie et al., 1997)
interact with AP complexes, providing a plausible
mechanism by which these receptors might recruit CP
components.

Although the affinities of soluble APs for these iso-
lated receptor endocytic motifs are comparatively low
when measured in vitro (Ohno et al., 1995, 1996; Page
and Robinson, 1995; Boll et al., 1996), the interactions
would be expected to be stronger when constrained to
movement in two dimensions at the membrane sur-
face. Indeed, early morphological studies in stably
transformed cells suggested that very high levels of
transferrin receptor expression seemed to correlate
with the appearance of increased flat coated mem-
branes (although not necessarily CPs) (Iacopetta et al.,
1988; Miller et al., 1991). More recently, contrasting
results were obtained when transient expression of
lower levels of transferrin receptor, while still saturat-
ing the internalization machinery, failed to show any
evidence for detectable changes in CP levels (Warren
et al., 1997). Finally, locally high concentrations of a
single activated receptor (FceRI) generated by a recep-
tor immobilization regimen also did not induce in-
creased CP formation in intact RBL-2H3 cells (Santini
and Keen, 1996).

While the latter findings provide information about
a single receptor that enters CPs only after activation,
under basal conditions the bulk of receptor-mediated
endocytosis occurs by way of constitutively internal-
ized receptors. If constitutively internalized receptors
play a critical role in nucleating CPs, we hypothesized
that a saturating level of internalization signals at the
plasma membrane should stimulate CP formation,
with concomitant recruitment to the membrane of sol-
uble coat components from the cytosol. Alternatively,
if CP formation is not directly responsive to the pres-
ence of receptor endocytic domains at the plasma
membrane, then cells should maintain a homeostatic
level of plasma membrane CPs in the face of saturat-

ing levels of receptors. We therefore sought a system
in which a high density of constitutively internalized
proteins could be achieved at the plasma membrane.

For this purpose, we chose to study HeLa cells over-
expressing chimeric proteins in which different cyto-
solic internalization signals are appended to a mono-
meric integral membrane reporter protein, the
interleukin-2 receptor a-chain (Tac). Expressed at low
levels, these chimeric proteins are efficiently internal-
ized with kinetics comparable to that of the parent
receptor from which the endocytic signals were de-
rived (Letourneur and Klausner, 1992; Marks et al.,
1995; Voorhees et al., 1995). On overexpression, chi-
meric Tac proteins containing cytosolic di-leucine and
YXXf signals independently saturate the sorting ma-
chinery and accumulate at the plasma membrane
(Marks et al., 1996). In this report we demonstrate that
uptake of chimeric proteins bearing the acidic cluster/
casein kinase II internalization motif reflects a third,
independently saturable process. Collectively, these
characteristics allowed us to test the role of these three
distinct internalization signals in the nucleation of
plasma membrane clathrin CPs in intact cells.

MATERIALS AND METHODS

Antibodies and Reagents
X22 and AP.6 were gifts from Dr. F.M. Brodsky (University of
California, San Francisco) and have been previously characterized
(Beck et al., 1992). Rabbit anti-Tac serum 1 was prepared by M.S.M.
and J. S. Bonifacino (NIH, Bethesda, MD) by immunization with Tac
affinity purified from stably transfected HeLa cells, and rabbit anti-
Tac serum 2, which has been previously characterized (Leonard et
al., 1984), was a gift of Dr. W. Greene, (University of California, San
Francisco). Other antibodies were from the following sources: 100/3
and 100/2 monoclonal anti-g-adaptin and anti-a-adaptin (Ahle et
al., 1988) antibodies, respectively, were obtained from Sigma Chem-
ical (St. Louis, MO); monoclonal anti-clathrin heavy chain (TD.1)
(Nathke et al., 1992) and 7G7.B6 monoclonal anti-Tac were from
ATCC (Rockville, MD); mAb H4A3 anti-Lamp1 was from Develop-
mental Studies Hybridoma Bank, Johns Hopkins University (Balti-
more, MD); fluorescein isothiocyanate-conjugated and rhodamine-
lissamine–conjugated affinity-purified donkey or goat anti-rabbit or
anti-mouse polyclonal antibodies were from Jackson ImmunoRe-
search (West Grove, PA); fluorescein- and phycoerythrin-conju-
gated anti-Tac, fluorescein-conjugated anti-CD4, and fluorescein-
conjugated anti-CD63 were from Immunotech (Westbrook, ME). All
other chemicals were reagent grade or better.

Plasmids
All cDNA constructs were cloned into pCDM8.1 (Bonifacino et al.,
1990), a modified version of pCDM8 (Seed, 1987). Table 1 lists the
inserts used and their sources. The TTM.GSTYD construct (Marks et
al., 1995), containing a portion of the cytosolic domain of H-2Mb,
was used in some immunofluorescence experiments instead of a
chimera with the full-length cytosolic domain (TTMb [Marks et al.,
1995]) because the latter is partially retained within the endoplasmic
reticulum in HeLa cells (Marks, unpublished observations).
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Cell Culture, Transient Transfections, and Flow
Cytometry
RBL-2H3 cells were a gift from Dr. M. A. Beaven (NIH, Bethesda,
MD) and were cultured as described (Santini and Keen, 1996); for
chilling experiments, cells were incubated in a glucose-saline piper-
azine-N,N9-bis(2-ethanesulfonic acid)-buffered medium (pH 7.2)
with 0.1% BSA and 1 mM CaCl2 for 1 h on ice or at 37oC. HeLa cells
(ATCC, Rockville, MD) were transfected by the calcium phosphate
precipitation method with 10–20 mg of plasmid consisting of the
indicated insert in pCDM8.1 as described (Marks et al., 1996), while
COS-1 cells (ATCC) were transfected using lipofectAMINE and 15
mg of plasmid (Goodman et al., 1996). Control cells were transfected
with pCDM8.1 with no insert. Cells were trypsinized 24–40 h
posttransfection, replated on dishes containing coverslips for 8–16
h, and removed and processed for indirect immunofluorescence
microscopy as described below. For flow cytometry, cells growing
on dishes were released with PBS/10 mM EDTA, stained with
directly conjugated antibodies as described (Marks et al., 1996), and
analyzed on a Becton Dickinson FACScan using the CellQuest 3.01
software (San Jose, CA) to confirm expression at the plasma mem-
brane. For experiments demonstrating saturability, parallel samples
were analyzed by immunofluorescence microscopy, and cells ex-
pressing CD4, Tac, both, or neither were counted to determine
cotransfection efficiencies.

Immunofluorescence, Confocal, and Electron
Microscopy
For quantitative immunofluorescence microscopy experiments, 48-h
posttransfection cells that were grown overnight on coverslips were
fixed with 2% (wt/vol) formaldehyde in PBS and processed for
immunostaining as previously described (Goodman et al., 1996;
Santini and Keen, 1996). AP2 was detected using the mAB AP.6 (20
mg/ml) while AP1 was visualized by using monoclonal 100/3 (1:
100). Tac-chimeric proteins were detected using rabbit anti-Tac se-
rum 2 (1:2000); Lamp1 was detected with H4A3 (1:100); CD63 was
detected with fluorescein-anti-CD63 (1:30); and transferrin receptor
was detected with B3/25 (1:50). The primary antisera were detected
with appropriate tagged second antibodies (1:100). Confocal analy-
sis was performed on a Bio-Rad MRC-600 laser scanning confocal
microscope (Cambridge, MA) running CoMos 7.0a software and
interfaced to a Zeiss Axiovert 100 microscope with Zeiss Plan-Apo
63X 1.40 NA objective (Carl Zeiss, Thornwood, NY). All dual la-
beled samples were analyzed using simultaneous excitation at 488
nm and 568 nm.

For ultrastructural studies, samples were fixed and processed
using a standard protocol employing glutaraldehyde fixation, osmi-
cation, uranyl acetate staining, and bismuth subnitrate counterstain-
ing (Smith et al., 1985). Measurements of CP length were obtained
by examining plasma membrane surfaces of randomly selected cells
(n 5 17 from each group) at 13,500–27,0003 final magnification.

Evaluation of Tac-Chimera Expression and Plasma
Membrane CP Density
Quantitation of CP density was estimated in cells imaged by con-
focal ‘x-z’ scans by plotting AP2 pixel intensity against the pixel
intensity of transfected tagged proteins. AP2 was chosen as the CP
marker rather than clathrin because of its lower background and the
absence of Golgi staining; however, AP2 staining always coincided
with clathrin on the plasma membrane (Santini and Keen, 1996).

To be able to evaluate signals spanning a greater range than the
8-bit capacity of the confocal framestore board, for each experiment
a calibration curve of intensity as a function of photomultiplier gain
for each channel was prepared using MultiSpeck fluorescence mi-
croscopy bead standards (M-7900, Molecular Probes Inc., Eugene,
OR). Keeping the aperture vernier setting constant (generally at 4)
and varying only the photomultiplier gain, images were acquired
whose pixel intensity fell entirely within the measurable output
range, i.e., 1–254. The integrated pixel intensity was determined
within a box of 30 3 45 pixels drawn around each 5-mm bead (in
each case being certain that #0.2% of the pixels had reached satu-
ration), and was corrected for background by intensity measure-
ments of similar areas between beads. Rescanning of individual
beads at the conclusion of a series of measurements indicated that
bleaching had reduced the intensity by less than 5% in all cases. The
integrated pixel intensity of the individual beads, expressed as percent
of maximum, was plotted as a function of the photomultiplier gain,
and the resultant curves were used in the analysis of samples to
normalize the pixel intensity readings obtained at different gain set-
tings. Samples were then analyzed with the same constant aperture
vernier setting and appropriate gain so as to ensure that the pixel
intensity fell entirely within the measurable photomultiplier output
range. Images were corrected for background, obtained with a blocked
excitation beam, using the “subtract” function.

Vertical ‘x-z’ sections were processed as follows: the cell perim-
eter was measured using the length/profile function, and an area
was then drawn that outlined the cell using the histogram function.
The integrated pixel intensity within the cell area was obtained by
using the banding features of the histogram, so that only image
pixels with intensity above the background were counted. To obtain

Table 1. Cytoplasmic tails and constructs used in this manuscript

Constructa Source of cytoplasmic tailb Sequence of cytoplasmic tailc Ref.d

Tac Tac TM-RRQRKSRRTI Bonifacino et al. (1990)
TTMb Murine DMb (Mb) TM-RWRGHSSSYTPLSGSTYPEGRH-COOH Marks et al. (1995)
TTM.GSTYD Murine DMb (Mb) TM-RWRGHSSSYTPLSGSTY-COOH Marks et al. (1995)
TTgt3-t2 Tac/Mouse CD3g TM-RRQRKSRRT/DKQTLL- COOH Letourneur and Klausner (1992)
TacF766-93 Tac/Furin TM-RRQRKSRRT/WQEECPSDSEEDEGRGE-

RTAFIKDQSAL-COOH
Voorhees et al. (1995)

CD4 Human CD4 TM-RCRHRRRQAERMSQIKRLLSEKKTCQC-
PHRFQKTCSPI-COOH

Marks et al. (1996)

a Construct name indicates the name used in this study.
b Source of cytoplasmic tail: For Tac chimeric proteins, this indicates the source of the novel non-Tac cytosolic sequences.
c Sequence of cytoplasmic tail: Letters correspond to the single amino acid code: TM denotes transmembrane region; -COOH denotes the

carboxyl terminus of the protein. Letters in bold type indicate sequences with known sorting activity.
d Reference indicates the original reference describing the use of the construct.
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the level of Tac-chimera expression, the integrated pixel intensity
was divided by the cell area (to give a measure of expression in
intensity/mm2), while CP level was obtained by dividing integrated
pixel intensity by cell perimeter. It should be noted that the results
presented in Figure 3 show data collected entirely within single
experiments, representative of the number of independent experi-
ments indicated in the figure legend.

For determination of CP number (Table 2), AP2 immunofluores-
cent spots on the same cell sections were manually counted and
divided by the cell perimeter. In presenting the data, cells were
considered as expressing only if their Tac pixel intensity/mm2 value
was above 100.

Selection of Overexpressing Cells
For biochemical analysis of AP2, AP1, and clathrin distribution,
transiently transfected HeLa cells were separated into pools on

the basis of surface expression of the lumenal domain of the Tac
reporter. Cells transfected with Tac, TTM.GSTYD (Marks et al.,
1995), or TTgt3-t2 (Letourneur and Klausner, 1992) were stained
for 45–90 min at 4°C with hybridoma supernatant containing the
7G7.B6 monoclonal anti-Tac antibody. After three washes with
DMEM/5% (vol/vol) FBS, cells (4 – 8 3 106) were resuspended in
80 ml of MACS buffer (PBS/5% FBS/5 mM EDTA), and 20 ml of
MACS goat anti-mouse IgG magnetic microbeads (Miltenyi Bio-
tec, Auburn, CA) were added to each sample. After 15 min at 4°C,
cells were washed twice with MACS buffer and separated into
positive and negative expressing cell fractions on a midi-MACS
separator using AS separation columns as described by the man-
ufacturer. Positively selected cell samples were collected, resus-
pended in DMEM/10% FBS, and incubated at 37°C for 20 – 45 min
before subsequent analyses. Samples of each cell fraction were
collected, stained with fluorescein-anti-Tac, and analyzed by flow

Figure 1. Plasma membrane coated pit distribution in cells overexpressing a chimeric receptor containing a tyrosine-based internalization
signal. Confocal immunofluorescence microscopy images showing distribution of the Tac reporter (left panels) and AP2 (right panels)
visualized using rabbit anti-Tac serum and monoclonal AP.6, respectively, in Tac and TTM.GSTYD transiently transfected HeLa cells. Images
were taken with a focal plane parallel to and near the substrate. Note AP2 staining in both transfected and untransfected cells. Bar, 20 mm.
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cytometry on a Becton Dickinson FACScan using the CellQuest
3.01 software to determine the efficiency of separation.

Lysis, Gel Electrophoresis, and Immunoblotting
Mock transfected cells and positively and negatively selected cell
populations were processed to determine the distribution of clath-
rin, AP2, and AP1 by detergent extraction at pH 6.5 as described
(Santini and Keen, 1996). Under these conditions, CPs remain sedi-
mentable, and the insoluble fraction accordingly reflects the extent
of assembled clathrin coat protein (Pearse, 1982). Unassembled coat
proteins appear in the soluble fraction, which may also contain
membrane-bound coat proteins not fully incorporated into coat
structures. Briefly, identical cell equivalents (0.5–1.5 3 106) were
solubilized in 150 ml buffer 1 (100 mM 2-(N-morpholino)propane
sulfonic acid, pH 6.5, 0.5% Triton X-100, 0.5 mM magnesium chlo-
ride, 1 mM EGTA) containing phosphatase (10 mM sodium fluoride,
1 mM sodium orthovanadate) and proteinase inhibitors (33 mg/ml
aprotinin, 10 mg/ml leupeptin, 5 mg/ml E-64, 5 mg/ml pepstatin A,
1 mM PMSF) and lightly homogenized in microcentrifuge tubes
with a mini pestle. After 10 min on ice, cells were pelleted for 10 min
at 75,000 rpm in a TLA 120–2 rotor (approximately 245,000 3 g)
using a Beckman Optima TLX ultracentrifuge at 4°C. Supernatants
and pellets were separately frozen on dry ice and stored at 280°C
until further use. Pellets were resuspended in 150 ml buffer 2 (0.5 M
Tris, pH 7.4, 150 mM sodium chloride, 1% Triton X-100, 0.02%
sodium azide) containing phosphatase and proteinase inhibitors for
10 min on ice, and insoluble material was removed by centrifuga-
tion in a microcentrifuge. After boiling in SDS sample buffer, equal
aliquots (10% of total) of each sample were fractionated by mini-
SDS-PAGE using 7.5% acrylamide separating gels. Proteins were
transferred onto supported nitrocellulose membranes and clathrin,
AP2, and AP1 were detected using mAb TD-1, 100/2, and 100/3,
respectively. Tac chimeras were detected using polyclonal rabbit
anti-Tac serum 1. Antibody binding was visualized and quantitated
using radioiodinated secondary antibodies or protein A (Amer-
sham, Arlington Heights, IL) and PhosphorImager analysis using
ImageQuant software (Molecular Dynamics, Sunnyvale, CA). In
separate experiments using these extraction techniques with RBL-
2H3 cells, immunoblotting, and ECL techniques with appropriate
standards, we detected a 1.9-fold increase (from 45 to 85%) in the
amount of assembled clathrin in chilled cells, in good agreement
with previously published results (Anderson et al., 1977; Goldstein
et al., 1979) and our ultrastructural measurements (our unpublished
observations).

RESULTS

Coated Pits at the Plasma Membrane Are
Unchanged in Response to Overexpression of a
Chimeric Protein Containing the Tyrosine-based
Internalization Motif of H-2Mb
HeLa cells were transiently transfected to overexpress
a control reporter protein, the Tac antigen (Tac), or a
chimeric protein (TTM.GSTYD) consisting of the lume-
nal and transmembrane domain of Tac appended to a
portion of the cytosolic tail of the b chain of the
lysosomal resident protein, H-2Mb. The latter con-
struct includes the tyrosine-based signal, YTPL, that is
both necessary and sufficient for internalization from
the plasma membrane and for lysosomal targeting of
H-2M in HeLa cells (Lindstedt et al., 1995; Marks et al.,
1995). The cells were then analyzed by flow cytometry
and by immunofluorescence microscopy with anti-
bodies against Tac and AP2 (Figure 1, left and right
panels, respectively). Intact Tac, which has no inter-
nalization signal, accumulated at the plasma mem-
brane in all transfected cells as expected from previous
work (Marks et al., 1996). Also as previously observed,
TTM.GSTYD was found in intracellular compart-
ments, but its overexpression saturated the tyrosine-
based sorting machinery and resulted in its appear-
ance at the plasma membrane (Figure 1 and our
unpublished results).

There are substantial levels of soluble, unassembled
clathrin and AP2 in HeLa cells, comparable or greater
in amount to that present in assembled CPs (see be-
low). Accordingly, recruitment of these cytosolic com-
ponents would be expected to result in an approxi-
mate doubling in the number of CPs. However, when
the localization of AP2 was evaluated as an indi-
cator of the distribution of CPs (see MATERIALS
AND METHODS), the pattern in cells overexpressing
TTM.GSTYD appeared indistinguishable from that of
cells in the same field that were not expressing the
transgene, or of cells that had been transfected with
intact Tac (Figure 1, right panels).

We next examined these samples by confocal mi-
croscopy using a focal plane perpendicular to the cell
monolayer (‘x-z’ sections). By laser irradiation of only
a narrow ('0.4 mm wide) band through the cell, vari-
ations in CP numbers are more readily revealed (San-
tini and Keen, 1996). These images (Figure 2) provided
a clear indication that there were no differences in the
relative density of CPs in TTM.GSTYD-expressing
cells in comparison with nonexpressing cells (cells
negative for the Tac signal) or to the control (Tac). This
was quantitatively confirmed by determining the
number of discrete AP2-containing CPs in these and
other cell profiles (Table 2).

Could expression of TTM.GSTYD and its cytosolic
internalization signals have caused increased recruit-
ment of CP components from the cytosol to the plasma

Table 2. The number of plasma membrane clathrin coated pits is
not affected by overexpression of Tac, TTM.GSTYD, TTgt3-t2, or
TacF766-93

Coated Pits
No./mm SEM (n)

Tac
Nonexpressing 0.24 60.02 (15)
Expressing 0.24 60.01 (19)

TTM.GSTYD
Nonexpressing 0.26 60.01 (23)
Expressing 0.23 60.01 (43)

TTgt3-t2
Nonexpressing 0.25 60.01 (18)
Expressing 0.27 60.01 (44)

TacF766-93
Nonexpressing 0.26 60.01 (36)
Expressing 0.27 60.01 (59)
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membrane without discernibly altering the overall CP
number, e.g. by enlarging preexisting CPs? To address
this question, we used ‘x-z’ images of individual cells
to compare the intensity of the AP2 signal at the
plasma membrane with the overall level of expression
of the Tac or TTM.GSTYD chimeras (Figure 3, A and
B) as described in MATERIALS AND METHODS.
The expression level of both the Tac control and
TTM.GSTYD proteins in transfected cells spanned sev-
eral orders of magnitude, confirming results previ-
ously obtained by flow cytometry (Figure 6, and
Marks et al., 1996). The variations in endogenous AP2
intensity at the plasma membrane were much smaller
in comparison (note the linear scale on the y-axis).
Importantly, the AP2 levels at the plasma membrane
showed no correlation with the level of expression of
either Tac or TTM.GSTYD (Figure 3, A and B, respec-
tively). Indeed, similar variations in CP density were
observed in untransfected cells. These results indicate
that AP2 recruitment to the plasma membrane and the
number of plasma membrane CPs are independent of
the level of tyrosine-based internalization signals at
the plasma membrane.

Coated Pit Changes in Intact Cells Induced by
Chilling Can Be Readily Detected by Confocal
Microscopy and Biochemical Fractionation
We have previously found that confocal microscopy
and, in particular, x-z scans of clathrin- or AP2-labeled
RBL-2H3 cells yielded estimates of clathrin CP density
in excellent quantitative agreement with published
measurements obtained by electron microscopy (San-
tini and Keen, 1996). To ensure that this approach can
also detect changes in clathrin CP assembly levels in
intact cells, we exploited the observation of Anderson
and colleagues (Anderson et al., 1977; Goldstein et al.,
1979) that chilling of some cell types (but not of others
[Foti et al., 1997a]) results in a substantial increase in
CP levels. Analysis of RBL-2H3 cells treated in this
manner by confocal microscopy revealed a 1.7-fold
increase in the intensity of the plasma membrane AP2
signal in the chilled cells compared with controls (Fig-
ure 3C), while ultrastructural analysis of the same cells
yielded a 1.6-fold increase in the amount of coated
membrane surface (from 33 to 53 nm/mm). Similarly
treated cells were also analyzed biochemically by lysis
and fractionation to yield a detergent-insoluble frac-
tion containing assembled clathrin and a detergent-
soluble fraction containing unassembled protein (see
below). Immunoblots of the two fractions revealed a
1.9-fold increase (from 45% to 85%) in the proportion
of clathrin in the assembled fraction (our unpublished
results). Collectively, these results validate the ability
of both the confocal microscopy and biochemical (see
below) techniques to detect changes in clathrin CP
levels in intact cells.

Coated Pit Levels Are Maintained upon
Overexpression and Plasma Membrane
Accumulation of Proteins Containing Di-leucine–
based Internalization Signals
Other classes of sorting signals distinct from the ty-
rosine-based motifs have been shown to mediate in-
ternalization from the plasma membrane. One of these
is the di-leucine motif (see Pond et al. [1995] and
references therein) which has also been suggested to
bind in vitro to AP2 and to the related AP1 complex
(Heilker et al., 1996; Salamero et al., 1996; Dietrich et al.,
1997). Protein sorting mediated by di-leucine–based
signals is saturable through a limiting component dis-
tinct from that involved in sorting of tyrosine-based
signals (Marks et al., 1996). Considering the inability of
the tyrosine-based motifs to induce CP formation at
the cell surface, we reasoned that overexpression of
chimeric proteins with a di-leucine motif might,
through a different mechanism, affect coat component
recruitment. To test this hypothesis, we transfected
cells with sufficient DNA to overexpress Tac chimeric
proteins containing the di-leucine signal of CD3g
(TTgt3-t2 [Letourneur and Klausner, 1992]). As ex-
pected from previous work (Marks et al., 1996), over-
expression resulted in cell surfact accumulation of
TTgt3-t2 (Figure 10 in Marks et al., 1996; and see Figure
6A, right panel), consistent with saturation of the
di-leucine–based internalization machinery. How-
ever, on staining to visualize AP2 and Tac (Figure 4),
cells overexpressing TTgt3-t2 (middle panels) showed
no obvious differences in the density of CPs when
compared with cells expressing intact Tac (upper pan-
els) or nonexpressing cells (negative for anti-Tac).
These perceptions were substantiated more compel-
lingly by confocal ‘x-z’ images of CPs (Figure 5, A and
B).

Quantitation of the AP2 signal intensity at the
plasma membrane and comparison with the inten-
sity of total Tac staining in the same cells revealed
that, as observed with TTM.GSTYD, the signal in-
tensity for staining of TTgt3-t2 spanned several or-
ders of magnitude (Figure 3, D and E). However, the
distributions of the AP2 signal intensities were sim-
ilar among untransfected cells and cells expressing
either intact Tac or TTgt3-t2, and there was no cor-
relation between the AP2 signal intensity and the
level of the chimeric protein expressed. Finally,
quantitative analysis of the number of CPs in pro-
files of cells expressing the TTgt3-t2 chimera were
not significantly different from nonexpressing cells
in the same field (Table 2). These results demon-
strate that overexpression of di-leucine– based tar-
geting signals at the plasma membrane to a level
saturating the internalization machinery does not
detectably alter CP profiles in cells.
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The Distribution of AP2, Clathrin, and AP1 between
Insoluble (Assembled) and Soluble (Unassembled)
Pools Is Independent of Overexpression of YXXf or
Di-leucine Signals
To extend the immunofluorescence microscopy re-
sults, we analyzed the distribution of AP2 complexes
between assembled and unassembled pools biochem-
ically using cell fractionation. After transient transfec-
tion with plasmids encoding reporter alone (Tac), or
chimeric receptor containing Tac reporter with ty-
rosine- (TTMb), or di-leucine–based signals (TTgt3-t2)
at levels sufficient to induce saturation, overexpress-
ing cells were isolated by using anti-Tac antibody-
coated magnetic beads as described in MATERIALS
AND METHODS. Positively selected cells with sur-
face Tac expression (Figure 6A) were then lysed and
fractionated to yield a detergent-insoluble fraction
containing assembled clathrin coat structures (Pearse,
1982) and a soluble fraction containing unassembled
coat proteins. Each fraction was analyzed by SDS-
PAGE and immunoblotting with antibodies to the Tac
transgene, the a-chain of AP2, the g-chain of AP1, and

the clathrin heavy chain. Examples of the resulting
immunoblot profiles are shown in Figure 6B. The dis-
tribution of the AP2 a-chain and the clathrin heavy
chain between soluble and insoluble pools was not
significantly different among all positively selected
pools of cells, regardless of whether the cells were
expressing Tac transgenes containing or lacking an
internalization signal. Furthermore, the distribution of
the AP1 g-chain was also identical among all samples,
even though chimeric proteins containing tyrosine- or
di-leucine–based endocytic motifs can be sorted to
lysosomes by what is thought to be an AP1-dependent
process (see below) and had accumulated in these
structures. The Tac reporter was found nearly exclu-
sively in the soluble fraction in all transfected cell
samples (88–98% soluble; data not shown), suggesting
that the majority of the reporter proteins were ex-
cluded from clathrin-coated membrane regions. These
data confirm the immunofluorescence microscopy re-
sults and provide a biochemical demonstration that
the proportion of coat proteins in detergent-insoluble
CPs is essentially unchanged and that substantial sol-

Figure 2. Confocal microscopy ‘x-z’ images of Tac reporter expression and coated pit distribution in cells expressing chimeric receptors with
tyrosine-based internalization signals. HeLa cells transiently transfected with Tac or TTM.GSTYD were stained as indicated in Figure 1, and
vertical confocal ‘x-z’ images were collected of Tac (left panels) and AP2 (right panels). Note AP2 staining in both transfected and
untransfected cells. Bar, 20 mm.
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uble pools of AP2, AP1, and clathrin remain upon
overexpression and accumulation of tyrosine- or di-
leucine–based targeting signals at the plasma mem-
brane.

Overexpression of an Acidic Cluster/Casein Kinase
II Site Internalization Signal Does Not Induce
Clathrin-coated Pit Formation
A third class of internalization signals has recently
been described that comprises a series of acidic amino
acids, often preceded by a serine residue that serves as
a substrate for phosphorylation by casein kinase II.
This type of acidic cluster/casein kinase II site signal
has been demonstrated to mediate internalization
from the cell surface as well as TGN targeting of the
endoproteinase furin (Jones et al., 1995; Schäfer et al.,
1995; Voorhees et al., 1995) and is involved in protein
sorting of mannose 6-phosphate (M6P) receptors
(Mauxion et al., 1996) and several other receptor pro-
teins (Jewell-Motz and Liggett, 1995; Alconada et al.,

1996; Goldman et al., 1996). Furthermore, the acidic
clusters in the cation-dependent M6P receptor and
furin have been suggested to be involved in AP1 re-
cruitment to the TGN membrane (Mauxion et al., 1996)
and secretory granules (Dittie et al., 1997), respec-
tively.

Given these features of acidic cluster signals, we
sought to determine whether their overexpression
could recruit AP2 to the plasma membrane. Accord-
ingly, we expressed a chimeric protein (denoted
TacF766–93, Table 1) that contains the Tac reporter
and the C-terminal half of the furin cytosolic domain;
the latter moiety contains the acidic cluster/casein
kinase II site (Voorhees et al., 1995) but lacks the ty-
rosine-based motif present in the N-terminal half.
Flow cytometry indicated that cell surface expression
of TacF766–93 was essentially undetectable at low
expression levels, but became substantial at elevated
expression levels (our unpublished results). Parallel
analysis of cells by immunofluorescence microscopy

Figure 3. Plasma membrane coated pit levels in cells expressing chimeric receptors containing tyrosine-, di-leucine-, or acidic cluster-based
internalization signals. Quantitative analysis of AP2 and Tac signals in HeLa cells expressing Tac control (panel A) or TTM.GSTYD (panel
B) from one experiment (representative of four). In a second experiment (representative of three independent assays) AP2 and Tac signals
in cells expressing Tac control (panel D), TTgt3-t2 (panel E), or TacF766–93 (panel F) are shown. Data points were obtained by analyzing
images similar to those shown in Figures 2 and 5, as described in detail in MATERIALS AND METHODS. For each cell measured, the relative
AP2 signal intensity (per linear mm of cell perimeter, y-axis) is plotted against the overall Tac expression level (per mm2 of cell area, x-axis).
In panel C, the level of plasma membrane-associated AP2 signal observed in RBL-2H3 cells that had been chilled on ice is compared with
that in cells that had been kept at 37°C. This change correlates with known increases in CP density induced on cooling (see text for details).
Error bars represent SE with n 5 53 for 37°C and n 5 38 for 0°C.

F. Santini et al.

Molecular Biology of the Cell1184



showed similar transfection efficiencies among all
populations and demonstrated efficient TGN localiza-
tion of TacF766–93 in cells transfected with lower
amounts of DNA. These results demonstrate that in-
ternalization and TGN localization mediated by the
acidic cluster signal of furin is, indeed, saturable.

We next sought to determine whether internaliza-
tion of proteins containing the acidic cluster signal is
mediated by the same limiting factor(s) responsible for
uptake of tyrosine-based internalization signals. HeLa
cells were transiently transfected with high levels of
plasmid coding for chimeric proteins containing re-
porter alone (intact Tac), tyrosine- (TTMb), or acidic
cluster-based (TacF766–93) endocytic signals. The
cells were then stained with antibodies to Tac and
CD63, an endogenous lysosomal protein with a ty-
rosine-based sorting signal (Metzelaar et al., 1991), and
analyzed by flow cytometry. Overexpression of TTMb
resulted in induction of surface expression of CD63,
proportional to TTMb surface expression; expression
of the intact Tac reporter construct did not (Figure 7,
upper panel and inset). In contrast, overexpression of
TacF766–93 failed to induce surface expression of
CD63 beyond that seen in untransfected cells or in
cells transfected with intact Tac (Figure 7, lower panel
and inset). Thus, whereas internalization mediated by
the acidic cluster signal of furin is saturable, it does
not compete with components that recognize tyrosine-
based motifs.

We then tested whether overexpression of
TacF766 –93 resulted in AP2 recruitment to the
plasma membrane. HeLa cells transfected with
high amounts of plasmid driving expression of
TacF766 –93 were analyzed by confocal immunoflu-
orescence microscopy after double staining with an-
tibodies to Tac and to AP2. Analysis of conventional
(Figure 4, bottom panel) and ‘x-z’ images (Figure
5C) showed that overexpression of TacF766 –93 re-
sulted in cell surface expression of the Tac reporter,
but failed to alter the distribution of AP2 relative to
untransfected cells or cells overexpressing Tac with
no internalization signal. Furthermore, quantitative
analysis of the number of CPs (Table 2) and of the
staining intensity of AP2 (Figure 3F) showed no
correlation with the levels of TacF766 –93 expres-
sion. Together with the other results shown in Fig-
ure 3 and Table 2, these findings demonstrate that
CP components are not recruited from the cytosol
upon overexpression of any of the three well char-
acterized internalization signals.

Normal Targeting of AP1 and AP2 Is Observed
Despite the Overexpression of YXXf, Di-leucine, or
Acidic Internalization Signals
Clathrin functions in integral membrane protein sort-
ing not only at the plasma membrane, but also at the

TGN. Here, clathrin assembly is thought to be medi-
ated largely by the AP1 complex. Previous results
have provided evidence for interaction of tyrosine-,
di-leucine-, and acidic-based motifs with AP1 (Ohno et
al., 1995; Boll et al., 1996; Honing et al., 1996; Mauxion
et al., 1996; Ohno et al., 1996; Salamero et al., 1996;
Dietrich et al., 1997; Dittie et al., 1997; Le Borgne and
Hoflack, 1997). Furthermore, overexpression of
TGN38/41, which contains a tyrosine-based TGN lo-
calization signal, appeared to induce the redistribu-
tion of AP1 to peripheral vesicular structures in COS
cells (Reaves and Banting, 1994). We therefore exam-
ined the possibility that overexpression of proteins
containing these internalization signals might affect
the intracellular distribution of AP1.

HeLa cells overexpressing TTM.GSTYD, TTgt3-t2, or
TacF766–93 were costained with antibodies specific
for Tac and for the g-chain of AP1 (Figure 8). The
characteristic perinuclear TGN localization of AP1
was clearly retained in cells expressing either the ty-
rosine-based signal of TTM.GSTYD (upper panels), the
di-leucine signal of TTgt3-t2 (middle panels), or the
acidic signal of TacF766–93 (lower panels). These re-
sults indicate that overexpression of these three classes
of internalization and intracellular targeting signals
fails to alter the intracellular distribution of AP1. It is
also important to note that AP2 retained its plasma
membrane localization and was not mistargeted upon
overexpression of Tac, TTM.GSTYD, TTgt3-t2, or
TacF766–93 (Figures 2 and 5), despite accumulation of
the reporter protein at both the plasma membrane and
in endocytic/lysosomal compartments. Finally, in
similar overexpression experiments of TTM.GSTYD
and TTgt3-t2 in COS-1 cells, no aberrant localization of
AP1 or AP2 was observed (our unpublished results).

DISCUSSION

Receptor-mediated endocytosis is a dynamic pro-
cess in which the first readily identifiable step is the
concentration of cell surface receptors in plasma
membrane CPs. After invagination of the pits, re-
ceptors are internalized into coated endocytic vesi-
cles, the coat proteins are rapidly released and are
subsequently recruited for new CP formation on the
membrane. Consistent with this scheme, soluble
pools of clathrin and AP2 can be readily detected,
comprising up to 75% of the total complement de-
pending on cell type (Goud et al., 1985; Corvera et
al., 1989; Chakrabarti et al., 1993). It is known that
CP formation can be rapidly and substantially in-
duced in response to certain agents (e.g., EGF, nerve
growth factor, carbachol) in some cells (Connolly et
al., 1981, 1984; Geisow et al., 1985), suggesting that
the recruitment process can be readily activated.
Nevertheless, the factors regulating the initial steps
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Figure 4. Coated pit distributions in cells overexpressing chimeric receptors containing di-leucine- or acidic cluster-based internalization
signals. Confocal microscopy ‘x-y’ images showing the distribution of CPs (AP2, right panels) in HeLa cells transiently transfected to
overexpress Tac, TTgt3-t2, and TacF766–93 (Tac, left panels). Images were acquired using a focal plane parallel to and near the substrate. Note
AP2 staining in both transfected and untransfected cells. Bar, 20 mm.
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of CP formation under either stimulated or basal
conditions remain unknown.

APs manifest both receptor binding (Pearse, 1988;
Ohno et al., 1995; Sorkin et al., 1995) and clathrin
assembly activities (Keen et al., 1979; Zaremba and
Keen, 1983). These properties have led to the plausible
suggestion that receptors play a critical role in CP
formation by initially recruiting APs through binding

sites within their cytosolic domains (Pearse, 1988;
Chang et al., 1993). Alternatively, one might envision
these AP–receptor interactions occurring predomi-
nantly after CP formation, resulting in the recruitment
or retention of receptors in the assembled CP. A dis-
tinguishing characteristic of the former hypothesis is
that cell surface expression of elevated numbers of
receptors that contain internalization sequences

Figure 5. Confocal microscopy ‘x-z’ images of Tac reporter expression and coated pit distribution in cells overexpressing chimeric receptors
with di-leucine- or acidic cluster-based internalization motifs. Confocal x-z micrographs of transfected HeLa cells expressing Tac (A), TTgt3-t2
(B), and TacF766–93 (C) stained for Tac (left panels) and AP2 (right panels). Bar, 20 mm.
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should result in the recruitment of soluble coat com-
ponents and the formation of new CPs. Here we test
this hypothesis by exploring the effects on CP forma-
tion of overexpression of functional receptors at levels
sufficient to saturate the internalization machinery.
Further, we use a generalized approach to examine the
ability of surface chimeric receptors containing three
distinct and independently acting classes of cytosolic
internalization signals to recruit soluble coat compo-
nents and induce CP formation.

The results obtained indicate that the number,
extent, and distribution of plasma membrane CPs
were indistinguishable between control (nonex-
pressing) cells, cells expressing Tac with no inter-
nalization signal, or cells overexpressing chimeric
Tac receptors with tyrosine-, di-leucine-, or acidic
cluster/casein kinase II-based internalization sig-
nals. Furthermore, there is no evidence that soluble
pools of coat components are limiting, or even de-
tectably altered, in the face of saturating levels of

Figure 6. The distribution of AP2, clathrin, and AP1 between soluble and insoluble pools in cells overexpressing chimeric receptors with
tyrosine- or di-leucine-based internalization signals. HeLa cells transiently transfected with plasmids encoding Tac, TTMb, or TTgt3-t2 were
subjected to positive selection as described in MATERIALS AND METHODS. (A) A fraction of the cells (106 in this representative experiment)
was removed and stained with fluorescein-conjugated anti-Tac and then analyzed by flow cytometry. Fluorescence intensity profiles from the
three positively selected pools of cells (thick lines) and from mock-transfected cells (dotted lines) are shown. (B) The remaining cells were
lysed and fractionated into Triton X-100-soluble (S) and insoluble (P) pools, and equal aliquots (derived from 106 cells/lane) were subjected
to SDS-PAGE and immunoblotted with antibodies to AP2, clathrin heavy chain, and AP1 as described in MATERIALS AND METHODS. The
migration of each band, as well as the heavy chain from the anti-Tac antibody used for the cell isolation, were visualized using radioiodinated
antibody and are indicated on the figure. TTM, TTMb; TTg, TTgt3-t2.
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expression of these receptors at the plasma mem-
brane. We have extended these studies by examin-
ing the effects of overexpression of chimeric recep-
tors containing tyrosine- and di-leucine– based
internalization signals in COS-1 cells. The results
obtained are entirely in agreement with our obser-
vations in HeLa cells in that each signal is taken up
by an independently saturable pathway, and there
are no detectable effects on CP distribution (our
unpublished observations).

Collectively, these and our earlier findings (Santini
and Keen, 1996) demonstrate that plasma membrane
clathrin CP levels remain remarkably constant regard-

less of the receptor density, the nature of its internal-
ization motif, and whether receptor internalization
occurs constitutively or only subsequent to ligand ac-
tivation. We have also obtained similar results upon
overexpression of transferrin receptor in this HeLa cell
system, confirming the results of Warren and col-
leagues (Warren et al., 1997). Related findings have
also been obtained upon overexpression of Lamp1 in
two other cell systems (Uthayakumar and Granger,
1995). Taken together, these findings are inconsistent
with a general model in which receptor internalization
signals alone recruit plasma membrane AP2.

In this context it is worth noting that earlier obser-
vations of increased lattice formation on overexpres-
sion of transferrin receptor to extremely high levels
were not seen in intact cells, but only upon examina-
tion of replicas of the upper surface of broken open
cells, and then only in a very small percentage of the
cell population (Miller et al., 1991). However, clathrin
lattice assembly under optimal conditions is known to
proceed extremely rapidly (Van Jaarsveld et al., 1981),
raising the possibility that the anomalous flat lattices
observed may have formed only during or subsequent
to shearing of the upper membrane and breakage.

With respect to the TGN, Hoflack and co-workers
found that overexpression of M6P receptors did not
induce increased AP1 recruitment to the TGN beyond
basal levels, and that soluble pools of AP1 persisted
(Le Borgne and Hoflack, 1997). However, in cells in
which the M6P receptor genes had been functionally
inactivated, a loss of AP1 binding in vitro and in vivo
was observed (Le Borgne et al., 1996; Le Borgne and
Hoflack, 1997; Mauxion et al., 1996; Salamero et al.,
1996). The latter findings may be a reflection of fun-
damental differences in the mechanisms of CP forma-
tion at the plasma membrane and in the TGN (West et
al., 1997), with TGN clathrin CP assembly requiring
both receptors and an additional, limiting factor. How-
ever, in cells completely lacking M6P receptor expres-
sion, there is extensive membrane redistribution in the
TGN/lysosomal/endosomal compartments (Ludwig
et al., 1994), which raises the possibility that loss of
AP1 binding in this experimental system could be a
consequence of mistargeting or dilution of a separate,
limiting factor. In fact, other workers have reported
continuing clathrin-coated vesicle formation and bud-
ding from the TGN despite inhibition of packaging of
the cation-independent M6P receptor by wortmannin
treatment (Gaffet et al., 1997). Finally, to the extent that
the general mechanisms of coated vesicle formation in
cells are likely to be similar, the formation of COPII-
coated vesicles in the yeast endoplasmic reticulum has
also been reported to be independent of the presence
of transmembrane cargo molecules (Yeung et al.,
1995). Thus, the available evidence supports a mech-
anism for CP formation that is generally independent
of receptor sorting signals.

Figure 7. Tyrosine-based and acidic cluster signals utilize distinct
saturable components for internalization from the plasma mem-
brane. HeLa cells were transiently transfected with 20 mg of plasmid
encoding Tac, TTMb (upper panel), or TacF766–93 (lower panel).
After 40 h, cells were harvested, stained on ice with phycoerythrin-
anti-Tac and fluorescein-antiCD63, and analyzed by flow cytometry.
Inset, dot plot showing phycoerythrin staining (anti-Tac) on the
y-axis and fluorescein staining (anti-CD63) on the x-axis for cells
transfected with TTMb or TacF766–93. Each dot represents a single
counted cell. Main graph, The dark line indicates CD63 staining on
cells gated for surface expression above background for either
TTMb or TacF766–93. The thin lines show CD63 staining on cells
expressing similar levels of the noninternalized Tac. This level of
staining is identical to that obtained with untransfected cells and
likely represents the steady state expression level of CD63 under
nonsaturating, physiological conditions. The dotted lines represent
staining with a nonspecific control antibody (anti-CD4-FITC).
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Nonetheless, under certain conditions clathrin CP
formation at the plasma membrane is known to be
responsive to specific effectors, including extracel-
lular ligands such as EGF (Connolly et al., 1984) or
intracellular molecules such as Nef that have been
proposed to act as ‘connectors’ (Foti et al., 1997; Man-
gasarian et al., 1997). Similarly, recent studies by Hsu
and coworkers (Aoe et al., 1997, 1998) have provided

strong evidence that COPI coat levels can be modu-
lated by multiple ligands acting through ERD2 recep-
tor. Clearly, mechanisms exist for rapid recruitment of
coat proteins and the formation of lattices, suggesting
that certain effectors, perhaps acting as specific sensors
of their microenvironment, may be uniquely able to
regulate coat protein recruitment, retention, or re-
lease.

Figure 8. Overexpression of chimeric receptors containing tyrosine-, di-leucine-, or acidic cluster/casein kinase II-based endocytic motifs
does not affect the perinuclear localization of the Golgi- associated AP1. Distribution of AP1 visualized with 100/3 mAb (right panels) in
HeLa cells in which expression of TTM.GSTYD (upper panels), TTgt3-t2 (middle panels), or TacF766–93 (lower panels) is revealed by staining
with anti-Tac antibody (left panels). Note the AP1 distribution in both transfected and untransfected cells. Bar, 20 mm.
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A model consistent with these observations for the
clathrin CP system is presented in Figure 9. This
scheme envisions regulation of CP formation resulting
from tight control over AP activation, possibly
through the action of a discrete membrane-bound AP
docking site that initiates AP recruitment to the mem-
brane (Figure 9, steps 1 and 2). Expression of the
clathrin- and receptor-binding activity (step 3) of the
membrane-bound AP results in coat assembly and
receptor association with the growing CP (steps 3 and
4). Limiting numbers of these docking sites, and/or
tight control of their activation (step 1), would then
explain why excess receptors, regardless of their inter-
nalization motif or activation state, do not generally
alter CP levels in cells. Though the AP-docking sites
may be limited, receptor interaction sites on lattices
are evidently more plentiful and can account for the
multiple, independently saturable uptake pathways
that have been observed. For example, the clathrin
terminal domain serves as a recognition site for the
arrestins that mediate internalization of many G pro-
tein-coupled receptors (Goodman et al., 1996, 1997;
Barak et al., 1997).

This model is similar to earlier proposals (Moore et
al., 1987; Anderson, 1993; Robinson, 1994) and is sup-
ported by evidence of specific AP binding to mem-
branes (Moore et al., 1987; Mahaffey et al., 1990; Peeler
et al., 1993; Zhang et al., 1994; Mallet and Brodsky,
1996; Seaman et al., 1996). Conversely, APs are also
known to possess discrete determinants implicated in
membrane targeting, distinct from the AP domains
involved in receptor interaction (Robinson, 1993; Sea-
man et al., 1993; Ohno et al., 1995; Page and Robinson,
1995; Boll et al., 1996). These determinants may be
responsible for recognition of specific docking sites.
Identification of this docking site(s) and elucidation of
the mechanism of its regulation remain to be rigor-
ously established.
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