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Abstract. The effects of methods known to perturb
endocytosis from clathrin-coated pits on the localiza-
tion of clathrin and HA2 adaptors in HEp-2 carcinoma
cells have been studied by immunofluorescence and ul-
trastructural immunogold microscopy, using internaliza-
tion of transferrin as a functional assay. Potassium de-
pletion, as well as incubation in hypertonic medium,
remove membrane-associated clathrin lattices: flat clath-
rin lattices and coated pits from the plasma membrane,
and clathrin-coated vesicles from the cytoplasm, as
well as those budding from the TGN. In contrast, im-
munofluorescence microscopy using antibodies specific
for the o- and B-adaptins, respectively, and immuno-
gold labeling of cryosections with anti-o—adaptin anti-
bodies shows that under these conditions HA2 adap-
tors are aggregated at the plasma membrane to the
same extent as in control cells. After reconstitution
with isotonic K*-containing medium, adaptor aggre-
gates and clathrin lattices colocalize at the plasma
membrane as normally and internalization of transfer-

rin resumes. Acidification of the cytosol affects neither
clathrin nor HA2 adaptors as studied by immunofluo-
rescence microscopy. However, quantitative ultrastruc-
tural observations reveal that acidification of the
cytosol results in formation of heterogeneously sized
and in average smaller clathrin-coated pits at the
plasma membrane and buds on the TGN. Collectively,
our observations indicate that the methods to perturb
formation of clathrin-coated vesicles act by different
mechanisms: acidification of the cytosol by affecting
clathrin-coated membrane domains in a way that inter-
feres with budding of clathrin-coated vesicles from the
plasma membrane as well as from the TGN, potassium
depletion and incubation in hypertonic medium by
preventing clathrin and adaptors from interacting. Fur-
thermore our observations show that adaptor aggre-
gates can exist at the plasma membrane independent
of clathrin lattices and raise the possibility that adap-
tor aggregates can form nucleation sites for clathrin
lattices.

molecular apparatus for selective and efficient in-

ternalization of transmembrane proteins containing a
recognition sequence for coated pits in their cytoplasmic tail
(4, 23, 33, 37, 40, 45, 51, 53).

Part of the information on the role of clathrin-coated pits
in endocytosis has been generated by treatments that perturb
endocytosis from clathrin-coated pits in intact cells, such as
K+ depletion, incubation in hypertonic medium, and cyto-
sol acidification. Larkin et al. (24-26) showed that depleting
fibroblasts as well as hepatocytes of K+ resulted in disap-
pearance of clathrin-coated pits from the plasma membrane
as revealed by EM and caused a marked reduction in the rate
of endocytosis of receptor-bound LDL. Daukas and Zig-
mond (9) observed that incubating polymorphonuclear leu-
kocytes in hypertonic medium had little effect on receptor
binding, but inhibited receptor-mediated uptake of the
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chemotactic peptide f-NleLeuPhe. Subsequently, Oka et al.
(36), studying the internalization of asialo-orosomucoid by
the galactosyl receptor system in rat hepatocytes, showed
that hypertonic medium caused a disappearance of coated
pits similar to the effect of K* depletion. Sandvig et al. (44)
found that acidification of the cytosol of several cell types
perturbed endocytosis of transferrin and EGF by inhibiting
invaginated coated pits from pinching off. Thus, coated pits
still contained transferrin receptors and occurred with nor-
mal frequency in acidified cells (44). Also, Davoust et al.
(11) found that acidification of the cytosol reduces uptake of
HRP.

K+ depletion, incubation in hypertonic medium, and cy-
tosol acidification have been used to study the dynamic inter-
actions between transmembrane proteins and coated pits
using fluorescence photobleaching recovery (13), to docu-
ment the clathrin-mediated entry of transmembrane proteins
including receptors with mutated internalization signals (2,
13, 15, 22, 31), as well as toxins (34, 41, 43) and viruses
(28), and to study the secretory pathway (8, 12). These
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methods have also provided the bulk of data on clathrin-
independent endocytic mechanisms (9, 17, 28, 34-36, 41-44,
52, 55, 56).

The effects of K* depletion, and incubation in hypertonic
medium on membrane-associated clathrin lattices in replicas
of the inner surface of plasma membranes of freeze-etched
fibroblasts have been studied in great detail by Heuser and
Anderson (20). After both K+ depletion and incubation in
hypertonic medium, coated pits were found to be replaced
by accumulations of microcages: small round (50-70-nm
diam) geodesic clathrin lattices devoid of internal membrane
(empty cages) (20). Numerous microcages were also de-
tected in an accompanying study of acidified cells, in this
case associated with deeply invaginated (paralyzed) coated
pits (19). Based on these data, it was suggested that K*
depletion and incubation in hypertonic medium both perturb
endocytosis from coated pits by trapping clathrin in mi-
crocages (20), and that cytosol acidification has a similar
effect (19).

However, ultrastructural immunocytochemical data on the
cellular distribution of clathrin following any of these pertur-
bations have to our knowledge not been published and the
effects on adaptor molecules have not been reported. More-
over, it has been known for a long time that clathrin-coated
vesicles formed at the plasma membrane are differently sized
from those formed at the Golgi complex (14). It is not clear
whether clathrin-coated domains at these two locations react
in the same way after potassium depletion, incubation in
hypertonic medium, and cytosol acidification. These issues
are important in view of the data previously obtained and of
the continuous use of all three methods and have therefore
been addressed in the present work using fluorescence mi-
croscopy and ultrastructural immunocytochemistry.

We show that in HEp-2 cells, K* depletion in combina-
tion with a hypotonic shock, as well as incubation in hyper-
tonic medium (0.45 M sucrose), removes membrane-asso-
ciated clathrin lattices and thus results in disappearance of
clathrin-coated vesicles, plasma membrane coated pits and
clathrin-coated buds on the TGN. In contrast, acidification
of the cytosol paralyzes clathrin in the membrane-bound
state, leading to formation of smaller and more heterogene-
ously sized coated pits at the plasma membrane and buds at
the TGN. Yet, under all three conditions where endocytosis
of transferrin is arrested, HA-2 adaptors occur in aggregates
of the same size and frequency as found in control cells.
Transfer of HEp-2 cells perturbed by K* depletion or
hypertonicity to isotonic K*-containing medium results in
reconstitution of clathrin-coated membrane domains includ-
ing coated pits, suggesting that pre-existing adaptor ag-
gregates can serve as nucleation sites. The coated pits in
reconstituted cells are “functional,” since they pinch off to
form coated vesicles delivering transferrin to endosomes.

Materials and Methods

K* Depletion, Incubation in Hypertonic Medium, and
Acidification of the Cytosol

HEp-2 cells were grown as previously described (17) and processed for K*
depletion (24), incubation in hypertonic medium (9), and acidification of
the cytosol (44) as outlined in Fig. 1. The buffer used for potassium deple-
tion contained 0.14 M NaCl, 20 mM Hepes, 1 mM CaCl,;, 1 mM MgCl;,
and 1 g/l p-glucose. Control cultures were incubated in the same buffer sup-
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plemented with 10 mM KCl. Hypertonic medium consisted of DME-H
(DME containing 2 mM y-glutamine and 20 mM Hepes, without sodium
bicarbonate; Flow Laboratories, Irvine, Scotland) supplemented with
0.45 M sucrose. For acidification of the cytosol, 1 M acetic acid, pH 5.0
(NaOH), was added 1:100 to DME-H, pH 5.0 (HCl), whereas controls were
incubated in DME-H, pH 50.

Transferrin Uptake Assays

Iron-saturation of transferrin was carried out according to Dautry-Varsat
(10). For biochemical measurements, endocytosis of '2[-labeled trans-
ferrin—128 ng/ml; 27 cpm/pg—was determined as described by Ciecha-
nover et al. (7). In experiments for fluorescence microscopy, perturbed, and
control cultures of HEp-2 cells were transferred to ice, rinsed in ice-cold
K*-supplemented or K*-free medium and incubated with either 50 pg/ml
unlabeled transferrin or 50 ug/ml transferrin-Texas red (Molecular Probes
Inc., Eugene, OR) for 20 min on ice followed by 20 min at 37°C in pre-
warmed but otherwise identical medium. No difference in the results ob-
tained with transferrin—Texas red and native transferrin detected by im-
munofluorescence were recorded. In some experiments, transferrin was
omitted to ascertain the specificity of the subsequent immunolabeling. To
remove surface-bound transferrin, cells were either treated with pronase
(7), or acid treated according to Stoppelli et al. (48), except that all proce-
dures were carried out on ice.

Immunofluorescence Microscopy

Antibodies. Clathrin was detected using 2 ug/ml mouse monoclonal IgM
anti-clathrin antibody, clone Cuc 5.9 (5) (Boehringer-Mannheim GmbH,
Mannheim, Germany) followed by Texas red-conjugated goat anti-mouse
IgM (Southern Biotech, Birmingham, AL; code no. 1020-07) diluted 1:20
or fluorescein-conjugated goat anti-mouse IgM (Medac, Hamburg, Ger-
many; code no. 31501) diluted 1:100.

HA2 adaptor protein was detected with mouse monoclonal anti-o-
adaptin antibodies, AC1-M11 (IgG2a) (39), and AP-6 (IgGl) (6) as well as
mAb 100/1 (IgGl) (1) against 3- and B-adaptin, followed either by
rhodamine-conjugated goat anti-mouse IgG (Tago Inc., Burlingame CA;
code no. 6350) and rhodamine-conjugated mouse anti-goat IgG (Accurate
Chem. & Sci. Corp., Westbury, NY; code no. IMG-025-108) both diluted
1:25, or by Texas red~conjugated goat anti-mouse IgG1/IgG2a (Southern
Biotech; code no. 1070-07/1080-07) diluted 1:30.

Transferrin was detected with rabbit anti-transferrin antiserum (DAKO-
PATTS, Copenhagen, Denmark; code no. A061) followed by fluorescein-
conjugated goat anti-rabbit IgG (Southern Biotech; code no. 4030-02) both
diluted 1:20.

Fixation/Permeabilization. Three protocols were used for fixation and
permeabilization: (@) Fixation/permabilization with methanol 5 min at
—20°C; (b) fixation with 2% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.2, 5 min at 4°C followed by rinsing twice in PBS and permeabilization
with methanol for 90 s at 4°C; and (c) fixation with 2% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.2, 5 min at 4°C followed by rinsing twice
in PBS and permeabilization with 0.5% Triton X-100 for 5 min at room tem-
perature. Experiments involving antibodies specific for clathrin and/or
transferrin were performed with protocols a and b and essentially identical
results were obtained. AC1-MI1 requires denaturation of antigen, and thus
protocol a. mAb 100/1 works best with protocol a (1). Protocol ¢ was used
for AP-6 since it does not resist methanol. In contrast, CHC 5.9 seemed
to require methanol to resist detergents and double labeling experiments
were therefore performed in conjunction with ACI-MI1.

Immunocytochemistry. All procedures were carried out at room temper-
ature. Fixed and permeabilized specimens of sparse—20% confluent—
HEp-2 cultures were rinsed with PBS (without calcium and magnesium),
the T-25 flasks cut open and 1-cm? incubation fields framed by wiping the
surrounding cells off. The fields were then incubated in PBS containing
10% normal goat serum and 0.1% saponin (PBS-NGS)' for 10 min fol-
lowed by incubation for 30 min each with primary and secondary antibodies
diluted in PBS-NGS with three rinses in PBS after each antibody incuba-
tion. For single labeling of HA-2 adaptors, an extra layer of fluorescent anti-
body was used in some experiments to intensify the signal, and in this case
1% BSA and 0.2 % gelatin was substituted for normal goat serum in the incu-
bation buffer.

In double-labeling experiments, incubation with primary and secondary

1. Abbreviation used in this paper: NGS, normal goat serum.

62



antibodies respectively was carried out simultaneously, and secondary anti-
bodies were selected on the basis of their lack of reactivity in controls com-
prising (a) exclusion of either anti-clathrin or anti-adaptin antibody alone
or (b) in combination with exclusion of secondary antibody specific for the
primary antibody present during the primary antibody incubation.

Finally, specimens were air-dried, mounted in Fluoromount G contain-
ing 2.5 mg/ml n-propyl gallate, examined in a microscope (Ernst Leitz Wet-
zlar GMBH, Germany) equipped with epifluorescence optics, and pho-
tographed using a 63X oil-immersion objective.

Immunolabeling of Cryosections to Detect Clathrin

The protocol for the Tokuyasu technique (49) was based on modifications
devised by Griffiths et al. (16), Tokuyasu (50), and Slot et al. (46).

Preparation of Cryosections. 80% confluent cultures were processed for
potassium depletion according to the protocol shown in Fig. 1 and fixed in
8% paraformaldehyde in 0.15 M Hepes pH 7.5 for 2 h at room temperature
followed by 20 h at 4°C. The cells were then scraped off, pelleted by cen-
trifugation (500 g for 5 min), resuspended in PBS containing 10% gelatin
at 37°C, pelleted again (1,000 g for 5 min), and then placed on ice for 15
min for the gelatin to solidify. The pellets were then cut out, transferred to
2.3 M sucrose in PBS on ice, cut into 1-mm? blocks, infiltrated with 2.3 M
sucrose in PBS overnight at 4°C, mounted (on ice) on stubs, frozen in liquid
nitrogen, and sectioned on an LKB Ultratome CryoNova or a RMC MT-7.

Immunolabeling. Grids were at room temperature incubated for 30 min
on puddles of PBS containing 10% FCS and 0.02 M giycine (PBS-FCS) fol-
lowed by incubation for 30 min with anti-clathrin antibody clone Cy¢ 5.9,
2 pg/ml in PBS-FCS, and rinsed for 5 min X6 in PBS-FCS. Next, sections
were incubated with goat anti-mouse IgM coupled to 10 nm colloidal gold
(Amersham International, Amersham, UK; code no. RPN 428) diluted 1:10
in PBS-FCS, and rinsed for 5 min X6 in PBS-FCS, followed by PBS x4,
and distilled water x4. Finally, sections were contrasted/embedded in 2%
methyl cellulose containing 0.3 % uranyl acetate for 7 min on ice, air-dried,
and examined in a JEOL 100CX microscope.

Microscopy of ultrathin cryosections of HEp-2 cells incubated with the
anti-clathrin antibody clone Cyc 5.9 revealed cross-reactivity to a compo-
nent in the nucleolus. This labeling showed the same sensitivity to dilution
as the reaction with clathrin-coated pits, and could not be blocked by a 100-
fold excess of human IgM (which is not detected by the secondary anti-
body). Substitution of fixative (with 2% paraformaldehyde, 0.1% glu-
taraldehyde in 0.1 M phosphate buffer, pH 7.2), cryoprotectant (with
PVP-sucrose), incubation buffer (with BSA/gelatin), and increasing glycine
concentration (to 0.2 M before or during incubation with PBS-FCS) also
had no effect. No further reference to the cross-reaction is made, however,
since it has no relevance to the data reported in the Results section.

Immunolabeling of Cryosections to Detect AP-6

Attempts to detect HA2 adaptors in ultrathin sections using the protocols
described for clathrin above resulted in very low labeling when using AP-6
and no reactivity with mAb 100/1. Using AP-6, Hille et al. (21) detected
HAZ2 adaptors in cryosections of BHK cells fixed in 2% paraformaldehyde
in PBS. With this fixative we obtained increased labeling of HA-2 adaptors
in HEp-2 cells but the efficiency in percent labeled coated pits still remained
low and was approximately equal with each of the six different detection
systems tested comprising two rabbit anti-mouse antibodies and protein A
coupled to 5 or 10 nm colloidal gold and goat anti-mouse IgG coupled to
S or 10 nm gold.

Quantification of Relative Surface Areas of Clathrin-coated Domains
of the Plasma Membrane and TGN in Control and Acidified Cells. Micro-
graphs (primary magnification of 23,700) of clathrin-coated domains
(plasma membrane and TGN) in acidified and control cells from random
cryosections —of appropriate thickness and preservation—were printed at
final magnification of 66,360 and overlaid with a single-lattice grid type
A100 (54) with grid-size 2.5 mm (38 nm) to determine the number of inter-
sections with clathrin-coated domains. The plasma membrane population
was identified either as pits in direct (visible) continuity with plasma mem-
brane or as clathrin-coated profiles within three vesicle diameters from the
plasma membrane (38). The TGN population was defined similarly.
Equivocal clathrin-coated profiles were excluded. The quantification was
continued until approximately 250 intersections in each of the four catego-
ries were obtained (reached after 18 and 25 micrographs from acidified and
control cells, respectively). Statistics were performed as previously de-
scribed (18).

Hansen et al. Clathrin and HA2 Adaptors

Results

Fate of Clathrin as Revealed by
Fluorescence Microscopy

The experimental protocols used for acidification of the
cytosol, K*-depletion, and incubation of HEp-2 cells in
hypertonic medium are outlined in Fig. 1.

Using anti-clathrin heavy chain Cyc 5.9, the presence of
clathrin-coated pits and vesicles in control cells was revealed
by immunofluorescence as distinctly punctate (Fig. 2, A and
A). The minute fluorescent dots sometimes formed short
rows, presumably reflecting the alignment of clathrin-coated
pits between stress fibers just below the plasma membrane
(26). Internalization of transferrin was used as functional as-
say to assess the receptor-mediated endocytosis from coated
pits. In control cells, transferrin-containing endosomes gave
a dotted fluorescence (Fig. 2 B).

In contrast, after incubation in hypertonic medium (Fig.
2 C) as well as after K* depletion (data not shown), the
labeling specific for clathrin changed to a fuzzy granular im-
age, in agreement with previous reports (19, 24, 26). Con-
comitantly, there was no fluorescence specific for transferrin
in more than 90% of the cells and a reduced uptake in the
remaining cells after incubation in hypertonic medium (Fig.
2 D) or K+ depletion (data not shown), clearly demonstrat-
ing that transferrin uptake was efficiently arrested by these
experimental treatments. Biochemical measurements of 'I-
transferrin uptake using the same protocols for perturbing
clathrin function showed—in agreement with the fluores-
cence observations—that endocytosis of transferrin was
strongly reduced (Fig. 3).

Acidification of the cytosol also inhibited the uptake of
transferrin as measured biochemically and by immunofluores-
cence microscopy. However, in contrast to the effect of K*
depletion and incubation in hypertonic medium, acidifica-
tion did not change the distinct punctate fluorescence pattern
specific for clathrin (data not shown).

Fate of Clathrin as Revealed by EM

To further characterize the effects of the methods studied to
perturb endocytosis from coated pits on the distribution of

Acidification

Rinse x2 Ir‘\ DME-H

Botassium depletion =~ Hyperonic medium

Rinse x2 in DME-H Rinse x2 in DME-H

Incubate in DME-H 30 min Incubate in I:iME-H 30 min Incubate in DME-H 30 min. 37°C
)

Rinse x2inDME-H  pH 50 Rinse x2 in K*-free buffes Rinse x2in DME-H  + 0.45M sucrose
3 ) i
Hypotonic shock 5min incubate in DME-H  cantaining
(K*-free buffer : H0 = 1:1) 0.45M sucrose 30 min
) ) )

Rinse x3 in K*™fiee buffer
)

Incubate in 10 MM HAc in DME-H
PH 50 10 min

incubate in K*—:ee bufter 30 min

Immunccyiochemistry
of
biochemical measutements

Figure 1. Flow chart outlining the protocols to process HEp-2 cells
for acidification of the cytosol using acetic acid, for K* depletion
in combination with a hypotonic shock, and for incubation in hy-
pertonic medium. DME-H: DME containing 2 mM L-glutamine
and 20 mM Hepes, without sodium bicarbonate.
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Figure 2. Effect of hypertonic
medium on endocytosis of
transferrin-Texas red and im-
munolocalization of clathrin
by double-labeling fluores-
cence microscopy. HEp-2 cells
were incubated at 37°C for 30
min in DME-H followed by
additional 30 min in DME-H
(A4 and B) or DME-H +
0.45 M sucrose (C and D),
and then incubated for 20 min
in the same media containing
50 ug/ml transferrin-Texas
red. The cells were then
chilled to 4°C and surface-
bound transferrin-Texas red
was removed by acid treat-
ment. After fixation, the cells
were processed for im-
munolocalization of clathrin as
described in Materials and
Methods using anti-clathrin
heavy chain IgM Cyc 5.9 fol-
lowed by fluorescein-labeled
goat anti-mouse IgM anti-
body. (4 and C) fluorescein
filter. (B and D) Texas red-
filter. Note that the fluffy fluo-
rescence in the nuclei of con-
trol cells immunolabeled to
localize clathrin (4) is due to
distinct punctate fluorescence
from coated pits above the
nuclei that are out of focus
(4"). Due to fading of fluores-
cein, it was not possible to
illustrate this point for the
same cells as shown in A. Bar,
10 ym.

Figure 3. Transferrin endocy-
tosis in K*-depleted (4), and
hypertonically treated cells (B)
in percent of respective con-
trols. For K* depletion (A),
HEp-2 cells growing in 4-well
disposable trays were sub-
jected to a hypotonic shock in
the absence of potassium as de-
scribed in Materials and
Methods and as summarized
in Fig. 1. The cells were then
transferred to K*-free buffer,
and '*I-labeled transferrin

was added after different periods of time. 5 min after addition of transferrin, the amounts of bound and endocytosed transferrin were
measured as described in Materials and Methods. Next, DME-H was added to cells which had been incubated in the absence of K* for
30 min, and again endocytosis of transferrin was measured after different periods of time. In each experiment, transferrin endocytosis
was also measured in parallel cultures which had been hypotonically shocked but not K* depleted (control). The results shown are the
mean values from two to four different experiments. The bars show the range of variation between experiments. Non-specific binding was
estimated as pronase-resistant radioactivity in paraliels incubated with ?5I-transferrin at 4°C and subtracted. Note that time points are
placed in the middle of the period of incubation with ‘*I-transferrin. For instance, the 2.5-min value shows transferrin endocytosis in
K+-depleted cells in percentage of the control within the first 5 min after the hypotonic shock. (B) Hypertonically treated cells (DME-H
+ 0.45 M sucrose) and control cultures (DME-H only) were processed for determination of transferrin endocytosis accordingly.
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clathrin, we labeled ultrathin cryosections of control and ex-
perimentally processed cells with anti-clathrin Cyc 5.9. In
addition to some scattered cytoplasmic labeling, profiles of
control cells exhibited rare, flat clathrin-coated membrane
domains, numerous clathrin-coated pits and vesicles, as well
as clathrin-coated buds on the trans-Golgi network (Fig. 4).
Only sparse labeling of membrane not visibly coated was ob-
served.

In agreement with previous studies (17, 20, 24-26, 28) we
found that K* depletion and incubation in hypertonic
medium remove clathrin-coated pits from the plasma mem-
brane. We furthermore found that clathrin-coated membrane
domains were absent from the cytoplasm, showing that the
clathrin of free clathrin-coated vesicles and clathrin-coated
vesicles budding from the TGN also is removed by these
treatments. In fact, in six independent experiments where
HEp-2 cells from different passages were K* depleted (Fig.
5) or hypertonically treated (data not shown), followed by
processing for immunogold labeling of cryosections, we de-
tected little membrane-associated clathrin altogether. In-
stead we repeatedly found that the level of cytoplasmic label-
ing increased (Fig. 5). The sparse residual gold particles
occurring at membranes were scattered, and not associated
with coat material and therefore most likely reflected either
clathrin in the neighboring cytoplasm, or clathrin adhering
non-specifically to membranes.

Essentially the same structures that were labeled in con-
trols were also tagged by gold particles in acidified cells, al-
though some modifications were noticed (Fig. 6). First,
plasma membrane-coated pits tended to form clusters. Sec-
ond, although not frequently encountered (roughly one out
of ten cell profiles), additional labeling of plasma membrane
domains was observed. Characteristically the membrane at
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Figure 4. Localization of clath-

rin in cryosections of control

HEp-2 cells labeled with anti-

clathrin antibody Cuc 5.9

(I1gM) foilowed by goat anti-

mouse IgM coupled to 10 nm

colloidal gold to show the re-

activity of Cyuc 5.9 with flat

. clathrin-coated membrane do-
mains (A), coated pits (B) and

- presumptive vesicles (C), and
clathrin-coated vesicles bud-

R ding from the TGN (D and E).
mt The tangentially cut plasma
. membrane in C is indicated by
arrowheads. (4-C) Hypotoni-

cally shocked HEp-2 cells in-

cubated in K*-supplemented

medium. (D and E) HEp-2

cells incubated in DME-H.

GoS, Golgi stack. Bar, 200 nm.

these sites was cut tangentially and the gold particles were
typically separated from the outer cell limit by 30-60 nm.
These domains most likely correspond to the edges of
clusters of coated pits that were hit peripherally in the sec-
tion. Third, clathrin-coated pits were more heterogeneously
sized due to the occurrence of unusually small pits. Also,
clathrin-coated buds on the TGN were reduced in size in
acidified cells. To obtain quantitative data and circumvent
problems with the many different conformations adopted by
clathrin-coated domains, we determined the number of inter-
sections of clathrin-coated domains of the plasma membrane
and TGN with a single lattice grid as described in Materials
and Methods as a relative measure of their size in acidified
cells and controls. As shown in Table I, acidification of the
cytosol leads to a significant decrease in surface area of both
plasma membrane and TGN populations of clathrin-coated
domains with concomitant increase in heterogeneity re-
vealed by >100 and 60% increase in coeflicients of variation
for the plasma membrane and TGN population, respectively
(Table I). These differences were not simply due to different
labeling efficiencies in acidified cells and controls. The num-
ber of gold particles per intersection with coated domains
was essentially identical in all four situations (Table I). It
should be noticed that the ratio between the size of the
plasma membrane and TGN populations of clathrin-coated
membrane domains were maintained after cytosol acidifica-
tion; 1.6 (12.35/7.79) and 1.5 (8.22/567) in control and
acidified cells, respectively (Table I).

It would seem obvious also to quantify the relative amounts
of clathrin associated with various membrane domains and
with the cytoplasm, respectively, under the different experi-
mental conditions studied. However, during the course of
this work, several problems were encountered which in our
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opinion would make such quantitative data unreliable. First,
it was noted that the labeling efficiency of anti-clathrin CHC
5.9 increased with decreasing section thickness, thus requir-
ing sections of thickness within a narrow range to obtain op-
timal results and comparable conditions. In contrast to the
situation with clathrin-coated membrane domains, there is
no “internal control” in the case of cytoplasmic clathrin. Sec-
ond, in these rather thin sections, cytoplasmic clathrin may
well be extracted, and the extent to which this occurs may
depend upon the experimental condition studied. Third, it is
difficult, especially using a mAb, to obtain a reliable esti-
mate of the level of background labeling in the cytoplasm.
Omission of the primary antibody evidently results in an un-
realistic low level of nonspecific labeling. On the other hand,
attempts to use a monoclonal non-sense IgM to estimate
non-specific binding also failed, since it decorated the cells
massively with gold.

Fate of Adaptors as Revealed by
Fluorescence Microscopy

Using the mAbs AC1 M11 (39) and AP-6 (6) against both
a-adaptins found in the HA2 adaptor, immunofluorescence
microscopy of control cells revealed a distinct, punctate pat-
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Figure 5. Localization of clath-
rin in cryosections of K*-
depleted HEp-2 cells labeled
to detect clathrin as in Fig. 4.
(Nu) nucleus; (Mi) mitochon-
dria; (*) cytoplasmic puffs
characteristically found in
K*-depleted cells (see refer-
ence 28); arrows, plasma
membrane pits without clath-
rin coats. The clathrin appears
N : scattered throughout the cyto-
u plasm. Bar, 200 nm.

tern (Fig. 7) corresponding to the appearance of plasma
membrane clathrin lattices. Both the size and frequency
of o-adaptin aggregates were thus the same as found for
clathrin. Some perinuclear staining was also noted. This is
most likely due to poor resolution of adaptor aggregates in
the membrane on the sides of the bulging nucleus, since most
of the perinuclear staining obtained on formalin-fixed cells
(AP-6) could be resolved as individual dots by focusing.
It could also result from a cytoplasmic pool of o-adaptins.
As expected, the localization by immunofluorescence of
o-adaptins in acidified cells did not deviate from controls
(data not shown). Interestingly, however, K* depletion and
incubation in hypertonic medium also did not change the dis-
tribution of a-adaptins (Fig. 7). Using mAb 100/1 specific
for the 8- and (-adaptins of the plasma membrane and the
Golgi adaptor, respectively (1), and focusing on cell pro-
cesses assumed to be devoid of TGN components, we also
found B-adaptin aggregates at the plasma membrane in K*
depleted and hypertonically treated cells similar to controls
(data not shown).

Fate of Adaptors as Revealed by EM
Ultrastructural observations obtained with AP-6 showed
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labeling of flat and invaginated coated membrane domains
and coated vesicles (Fig. 8) and furthermore confirmed the
presence of a-adaptins at the plasma membrane following
K* depletion or incubation in hypertonic medium (Fig. 8).
In the K*-depleted and hypertonically treated cells, most of
the plasma membrane-associated labeling was found at flat
domains (Fig. 8). Invaginated plasma membrane domains
were occasionally tagged but these could be remnants of
coated pits (not shown). However, it should be stressed that
the labeling with AP-6 was low. In 25 systematically sampled
profiles of control cells from a section considered optimally
labeled using goat anti-mouse IgG coupled to 10 nm gold,

we observed 107 coated pits containing 91 (62%) out of a
total of 147 plasma membrane associated gold particles

Figure 6. Localization of clath-
' rin in cryosections of acidified
. HEp-2 cells labeled to detect
clathrin as in Fig. 4. (4 and B)
Note the clusters and hetero-
geneous . size of coated pits
(small arrows), and the pres-
ence of apparently free clath-
" rin-coated vesicles (curved
arrows). The bracket in B indi-
cates a cluster of coated pits
hit tangentially. (C) Arrow-
heads indicate clathrin-coated
buds on the TGN labeled by
the antibody. Bar, 200 nm.

>
e

representing fewer antigenic sites due to empty amplification
(47). Of these 107 coated pits, 51% were not labeled, 26, 15,
7, and 2% were tagged by 1, 2, 3, and >3 gold particles,
respectively. Attempts to double-label ultrathin cryosections
convincingly for clathrin and HA2 adaptors were unsuccess-
ful as a result of inadequate labeling with AP-6. Thus, al-
though AP-6 clearly gave specific reactions, the low labeling
on cryosections posed severe restrictions on its use for EM
in the present study and the data obtained for adaptors there-
fore relies mainly on immunofluorescence.

Collectively these data show that intact HA2 adaptors are
aggregated at the plasma membrane of HEp-2 cells after
clathrin lattices have been removed by K* depletion or in-
cubation in hypertonic medium.

Table 1. Effect of Cytosol Acidification on Clathrin-coated Domains of the Plasma Membrane (PM) and TGN

Intersection/coated

Membrane Treatment XIntersection XCoated domains domains

t test: control vs.
acidified P value

Intersection/coated domain  Gold particles/intersection
Coefficient of variation coated domain

(Mean + SEM)

PM
Control 247 20 12.35 + 0.66%
Acidified 263 32 8.22 + 0.83l
TGN
Control 257 33 7.79 + 0.31%
Acidified 255 45 5.67 + 0.321

(%) (Mean + SEM)**

23.8 0.58 + 0.07
<0.01*

56.8 0.59 + 0.06

23.1 0.65 + 0.06
<0.001#

37.2 0.53 + 0.05

* Unpaired two-tailed ¢ test; 19 degrees of freedom.
¥ Unpaired two-tailed ¢ test; 32 degrees of freedom.

§ Significantly different as revealed by an unpaired two-tailed ¢ test: p < 0.001, 19 degrees of freedom. This difference thus reflects the two populations of coated

vesicles formed at the plasma membrane and the TGN (14).

I Significantly different as revealed by an unpaired two-tailed ¢ test: P < 0.001, 31 degrees of freedom.
** These values are not statistically significantly different from one another: P > 0.1; unpaired two-tailed ¢ tests with 51-76 degrees of freedom.
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Reconstitution Experiments

With the experimental conditions under which clathrin lat-
tices were removed whereas the HA2 adaptors still ag-
gregated in living cells (Fig. 9), it was of interest to see
whether clathrin lattices and functional coated pits/vesicles
could be reconstituted. When the K*-free or hypertonic
medium was replaced by isotonic K*-supplemented me-
dium (DME), internalization of transferrin returned to nor-
mal as assessed by fluorescence microscopy (data not
shown) and biochemical measurements (Fig. 3). The bio-
chemical experiments further revealed that the reconstitution
was a gradual process completed only after 30 min in
K*-depleted cells, whereas full reconstitution was not ob-
tained in hypertonically treated cells within the time frame
studied. As shown in Fig,. 9, after full reconstitution, distinct
clathrin lattices with the characteristic punctual pattern
matching HA2 adaptor aggregates on the inner aspect of the
plasma membrane had reformed in virtually all cells to an
extent that was indistinguishable from controls. The match-
ing of immunoftuorescence double labeling for clathrin and
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Figure 7. Immunoftuorescence
microscopy using AP-6 (4 and
B) and ACI-MI11 (C and D)
followed by first rhodamine-
labeled goat anti-mouse IgG
and next rhodamine-labeled
mouse anti-goat IgG to reveal
the distribution of «-adaptins
in control (4), K*-depleted (B
and C), and hypertonically
treated cells (D). Except for
the perinuclear area contain-
ing Golgi elements, a similar
result is obtained with mAb
100/1 specific for the 8- and

"-adaptins. Thus the HA2
adaptor occurs in punctate ag-
gregates under all experimen-
tal conditions studied. Bar,
10 pm.

HA?2 adaptors was performed on the flattened, marginal
processes and other peripheral parts of the cells. Clearly,
matching was not possible in the cytoplasm-rich perinuclear
portions, which in addition to clathrin lattices at the cell sur-
face also contain clathrin associated with the TGN as well
as the bulk of soluble clathrin. As might be expected from
the biochemical data, at earlier time points investigated—1,
2, 5, and 15 min of reconstitution —far more complex results
were obtained. After 1 and 2 min of reconstitution, it was
possible to match clathrin lattices and HA2 adaptor aggre-
gates in a minor fraction of the cells. This fraction gradually
increased with time. Thus the biochemiical data (Fig. 3) seem
to reflect intercellular heterogeneity in time required for
cells to resume endocytosis from coated pits.

Discussion

In this study we have used immunofluorescence and ultra-
structural immunogold microscopy combined with bio-
chemical measurements to show in living cells that (a) when
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endocytosis of transferrin in HEp-2 cells is arrested by K*
depletion as well as by incubation in hypertonic medium,
intact HA2 adaptor aggregates are still associated with the
cytoplasmic face of the plasma membrane whereas mem-
brane-associated clathrin lattices are removed, resulting in
accumulation of clathrin in the cytoplasm; and (b) acidifica-
tion of the cytosol reduces size/surface area but increases
heterogeneity of clathrin-coated domains of the plasma mem-
brane and TGN. These findings indicate that K+ depletion
and incubation in hypertonic medium interferes with the in-
teraction between clathrin and adaptors whereas cytosol
acidification prevents invaginated clathrin-coated domains
from pinching off.

Fate of Clathrin

Using immunogold technique on ultrathin cryosections of
K*-depleted and hypertonically treated cells, it is surprising
that we do not detect plasma membrane associated clathrin
lattices, since this is contradictory to the previous findings
of Heuser and Anderson (20). Based on studies of replicas
of freeze-etched fibroblast membranes, they found that these
experimental treatments result in accumulations. of plasma
membrane-associated microcages that are empty, that is, de-
void of internal membrane. One possible cause for the differ-
ing results could be that anti-clathrin Cec 5.9 cannot recog-
nize clathrin in microcages. We consider this possibility
rather unlikely, since the antibody efficiently detects clath-
rins in the soluble and membrane-bound state (5, 18) (this
study). As an alternative explanation, we would suggest that
both K+ depletion and incubation in hypertonic medium re-
move clathrin lattices from membranes and result in forma-
tion of clathrin microcages in the cytoplasm, and that at
some stage in the preparation of freeze-etched specimens,
cytoplasmic clathrin microcages adhere to the inner surface
of the plasma membrane. This suggestion is compatible with
all the available data. Thus, it explains why membrane-
associated clathrin lattices are not detected in K*-depleted

Hansen et al. Clathrin and HA2 Adaptors

Figure 8. Localization of

«-adaptins in cryosections of

control (4-C), K*-depleted

(D) and hypertonically treated

(E and F) HEp-2 cells labeled

with anti-o-adaptin antibody
” - B AP-6 followed by goat anti-
mouse IgG coupled to 10 nm
colloidal gold. The figure il-
lustrates the reactivity of AP-6
with flat coated membrane
domains (A), coated pits (B),
and coated vesicular profiles
(C) in control cells. After the
removal of coated pits by K*
depletion (D) or incubation in
hypertonic medium (£ and
F), AP-6still labels flat plasma
membrane domains. It should
be noted that the figure (espe-
cially B, C, and F) is not repre-
sentative of the density of la-
beling obtained with AP-6,
which typically was much
lower. Bar, 200 nm.

and hypertonically treated cells in routine EM specimens.
Furthermore, the presence of microcages within different
levels of the cytoplasm would indeed lead to the reported
fuzzy granular immunofluorescence specific for clathrin (19,
24) (and this study), since no single level of focus exists,
which would appear to be the case if microcages were at-
tached to the plasma membrane. It is also possible that
different cell types react differently to these treatments.

This work is to our knowledge also the first to report on
the immunocytochemical localization of clathrin in intact
cells at the ultrastructural level following acidification of the
cytosol. Our results are consistent with the view that this ex-
perimental condition prevents formation of coated vesicles
from coated pits, by “paralyzing” the pits (19, 44). It further-
more seems that cytosol acidification retards budding of
coated vesicles from the TGN (8). Thus acidification of the
cytosol may in general paralyze membrane-bound clathrin
lattices, thereby preventing budding of coated vesicles.

Our resuits are thus consistent with the conclusion that
K+ depletion and incubation in hypertonic medium perturb
formation of clathrin-coated vesicles by a mechanism differ-
ent from that of cytosol acidification. Furthermore, using
fluorescence photobleaching to study the interaction be-
tween mutant influenza virus hemagglutinin HATyr 543
and clathrin-coated pits, Fire et al. (13) showed that whereas
incubation in hypertonic medium had no effect on the mobile
fraction of HATyr 543, it was significantly reduced by
cytosol acidification, indicating that a fraction of HA-Tyr
543 in acidified cells is trapped in paralysed coated pits.
There are thus structural as well as functional data to sub-
stantiate the conclusion.

Fate of Adaptors

In K*-depleted as well as hypertonically treated HEp-2
cells where membrane-associated clathrin lattices are re-
moved, intact HA2 adaptor aggregates are still found at the
plasma membrane to the same extent as in controls. We con-
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Figure 9. Double-labeling immunofluorescence microscopy of K*-depleted (4-D) and reconstituted (E-J) HEp-2 cells using Texas red-
and fluorescein-conjugated secondary antibodies to visualize bound anti-«-adaptin (AC1-M11) and anti-clathrin (CHC 5.9), respectively.
(4, C, E, G, and I) Texas red filter to detect HA2 adaptors. (B, D, F, H, and J) fluorescein filter to detect clathrin. Focus is maintained
close to the substratum in all figures except in C and D where focus is at the cell surface (similar to Fig. 2, A and 4"). Note that in K*-
depleted cells—similar to hypertonically treated cells —the fluorescence specific for «-adaptins is distinctly punctate whereas the fluores-
cence specific for clathrin is fuzzy granular. After the reconstitution HA2 adaptors and clathrin colocalize-similar to controls —in character-
istic patterns as indicated by labeled arrows. Bars: (4-D) 10 um; (E-J) 5 pm.
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sider this finding interesting, especially since it is possi-
ble—after replacement with isotonic K*-supplemented
medium—to reconstitute clathrin lattices at plasma mem-
brane domains where HA2 adaptors are aggregated and thus
form coated pits which generate functional coated vesicles
delivering transferrin to endosomes. In this study, we cannot
determine if the HA2 adaptor aggregates at the plasma mem-
brane in K*-depleted and hypertonically treated HEp-2
cells after reconstitution actually nucleate clathrin lattices,
or whether “new” HA2 adaptors are recruited together with
clathrin from the cytosol. However, our findings do raise the
possibility that during reconstitution clathrin lattices are
formed at the plasma membrane using pre-existing adaptor
aggregates as scaffolding.

Studies by Anderson and co-workers on coated pit for-
mation in vitro are in agreement with the possibility that
adaptor aggregates can nucleate clathrin lattices. Plasma
membranes from fibroblasts were isolated and attached to a
substratum, and clathrin-coated pits were removed by treat-
ment with high pH buffers (32). Subsequently new clath-
rin-coated pits were generated by incubating the isolated
membranes with extracted coat protein. New coated pits as-
sembled at a limited number of specialized regions on the
inner aspect of the plasma membrane which in replicas could
be identified as patches of aggregated particles (29). Further
studies showed that when the plasma membrane of the
fibroblasts was labeled with anti-LDL receptor IgG-gold
complexes at 4°C, the reconstitution of coated pits at the in-
ner aspect of the isolated plasma membranes resulted in “in-
ternalization” of the gold conjugates with a simultaneous loss
of clathrin triskelions and HA2 adaptors, indicating that the
reconstituted coated pits were capable of coated vesicle for-
mation (27). Although a biochemical or immunochemical
characterization of the particle aggregates at which coated
pit formation was reported to take place has so far not been
performed, it seems likely that they could be composed of
HAZ2 adaptor complexes in addition to integral membrane
proteins (29, 30).

It has recently been shown that AP-2 (“VHA?2) exhibits self
association in solution (3) and that this process is highly de-
pendent on the experimental conditions. Based on the data
obtained in intact cells and in vitro, it is thus tempting to
speculate that adaptors aggregate by self-association and that
these adaptor aggregates nucleate clathrin lattices leading to
formation of coated pits. The self-association process could
be influenced by binding of adaptors to recognition se-
quences in the cytoplasmic tail of molecules internalized
efficiently by coated pits.
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