
Assembly of Clathrin-Coated Pits onto Purified 
Plasma Membranes 

During receptor-mediated endocytosis, coated pits invag- 
inate to form coated vesicles, clathrin and associated 
 rotei ins dissociate from the vesicle membrane. and these 
$roteins form new coated pits at the cell sukace. As a 
means of elucidating molecular mechanisms that govern 
the function of coated pits, the assembly phase of this 
cycle was reconstituted by incubating purified membranes 
that were treated to remove endogenous coated pits with 
cytoplasm extracted from cultured cells. The in vitro 
assemblv of coated  its on these membranes satisfactorilv 
mimics &any featu:es of coated pit formation in the inta2 
cell. These studies indicate that: (i) the membranes con- 
tain a limited number of coated pit assembly sites that 
bind clathrin with high affinity; (ii) the half-time for 
assembly is 5 minutes both at 4OC and 37°C; (iii) during 
assembly, proteins with molecular sizes of 180, 110, and 
36 kilodaltons are recruited to the ~lasma membrane: and 
(iv) assembly is not dependent on ahenosine triphosphate, 
but this nucleotide triggers a temperature-dependent loss 
of coated pits that are assembled in the absence of 
adenosine tiiphosphate. 

T HE CLATHRIN-COATED PIT IS A SPECIALIZED REGION OF 

the cell surface that mediates the internalization of extracellu- 
lar macromolecules (1). Coated pits derive their name from 

the presence of a distinctive polygonai lattice that decorates the 
inner surface of the membrane (2). This lattice is thought to be 
composed of multiple triskelion-shaped subunits that contain three 
clathrin heavy chains (180 kD) and three clathrin light chains (30 to 
40 kD) plus a family of associated proteins with molecular sizes of 
110kD a n d 5 0 0  (3). 

Coated pits are the primary portal of entry for receptors that 
deliver macromolecules into cells by receptor-mediated endocytosis 
(4 ) .  This process has two cardinal features. (i) The receptor migrates 
in the plane of the membrane and becomes associated with the 
coated hit; and (ii) mechanical forces exerted at the coated pit 
convert planar segments of membrane into highly curved coated 
vesicles by progressive invagination. Molecular studies have shown 
that the cytoplasmic portion of these receptors is responsible for 
directing them to coated pits (5). However, nothing is known about 
either the molecules in the coated pit that recognize receptors or the 
molecular determinants that cause membrane shape change during 
endocytosis. 

Coated pits internalize at a rapid rate [1500 to 3000 per minute 
per cell (41 ,  and internalization does not appear to depend on the 

presence of a ligand-receptor complex (7). Once a coated vesicle 
forms, the clathrin and associated proteins dissociate from the 
vesicle membrane and return to the cell surface to form a new coated 
pit. This cycle continues for many hours in the absence of protein 
synthesis, but is inhibited in cells that are depleted of intracellular 
K+ (8). These observations indicate that regulatory molecules 
exist-both within the cytoplasm and at the cell surface-and they 
control the coated pit-coated vesicle cycle. 

To better understand the molecular properties of clathrin-coated 
membranes, investigators have focused their efforts on purified 
coated vesicles (9). These vesicles can be obtained in large quantity, 
and the coat proteins are easily purified by dissociating the lattice 
from the membrane with buffers of highpH or with high concentra- 
tions of tris (3). Under the proper conditions, these proteins 
assemble into spherical polygonal lattices, either in the presence or 
absence of membranes (10). However, purified clathrin appears 
unable to form planar lattices like those often found in coated pits 
(1 1).  Therefore, the requirements for formation of coated pits have 
yet to be determined. 

The relative inaccessibility of coated pits to experimental manipu- 
lations accounts for the paucity of information about the molecular 
mechanisms that govern the function of this specialized region of 
surface membrane. For this reason, much could be learned if all or 
part of the coated pit-coated vesicle cycle could be reconstituted in a 
cell free system. As a first step toward this goal, we have been able to 
assemble coated pits onto purified plasma membranes with the use 
of cytoplasm extracted from cultured cells and to make several new 
observations about coated pit formation. 

Preparation of assembly competent plasma membrane. The in 
vitro coated pit assembly system depends upon the availability of 
purified plasma membrane oriented so that the cytoplasmic surface 
is exposed for experimental manipulation. To accomplish this, we 
cultured human fibroblasts, harvested them by trypsinization, and 
plated the separated cells onto cover slips that were coated with 
poly-L-lysine (12, 13). The cells were allowed to attach for 1.5 hours 
at 37°C and then chilled for 1 hour to maximize coated pit assembly 
(14). The cover slips were then sonicated, which destroyed the cells 
but left behind large sheets of the plasma membrane that remained 
attached to the poly-L-lysine. 

Coated pits were visualized by indirect irnmunofluorescence 
staining with the immunoglobulin G (IgG) fraction of a monoclonal 
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Unstripped Stripped Reassembled 
Fig. 1. Dismbution of biding sites of antibody (IgG) to clathrin (top set, 
A, C, and E) or of wheat germ agglutinin (WGA) binding sites (bottom set, 
B, D, F) on isolated membranes attached to ply-L-lysine coated cover slips. 
Membranes from normal human fibroblasts were attached to cwer slips 
(12). One cover slip in each set (A and B) was fixed immediately with 3 
percent formaldehyde in buffer G (13). The other two cover slips in each set 
(C and D and E and F) were washed three times with ice-cold buffer C (13), 
transferred to chided 60-mm dishes containing 3 ml of buffer C, and 
incubated on ice for 20 minutes. Each dish was then washed three times with 

buffer C and three times with buffer F (13) at 4°C. Cover slip C,D was tixed 
as above and cover slip E,F was transferred to another chilled 60-mrn dish, 
overlaid with 80 pl of cytoplasm [7.8 mg/rnl(17)] and incubated on ice for 
30 minutes. After this incubation, the cover slip was washed four times with 
ice-cold buffer F (13) and fixed. Each dish was processed for localization by 
indirect immunofluorescence of clathrin and WGA bindine sites (25). The 
same set of membranes was photographed (Zeiss ~hotornic~oscope'111) with 
the filter package first for fluorescein (A, C, and E) and then rhodarnine (B, 
D, and F) ( x COO). 

Unstripped Stripped Reassembled 

Fig. 2. Carbon-platinum replicas of isolated membranes attached to p l y +  fixed with 1 percent glutaraldehyde plus 1 percent formaldehyde in buffer I 
lysine coated cover slips that had been unstripped (A), stripped (B), or (13) and carbon-platinum replicas were prepared (26). These membranes 
stripped and incubated with cytoplasm (C). Membranes from normal human were prepared in the same experiment as shown in Fig. 1 (x27,OOO; inset 
fibroblasts were attached to cover slips and subjected to the same treatments x38,OOO). 
described in Fig. 1. At the end of the treatment, each set of membranes was 

antibody to dathrin (anti-clathrin) (15). For orientation purposes, 
the membranes were counterstained with fluorescent wheat germ 
agglutinin (WGA), which bound to the borders of each membrane 
segment. The surface of these membranes was virtually covered with 
coated pits (Fig. 1, A and B). The dathrin-coated pits were removed 
by incubation of the plasma membranes in a high pH buffer under 
conditions that are known to strip coat proteins from isolated coated 
vesicles (9). After this stripping procedure, coated pits were no 
longer visible (Fig. 1, C and D). 

Procedm for assembly of coated pits. To assemble coated pits 
in vitro, we took advantage of the observations of Louvard and co- 
workers (16) who showed that cultured fibroblasts contain a pool of 
dathrin that is free in the cytoplasm. Human fibroblast membranes 

attached to cover slips that were coated with poly-L-lysine were 
prepared, stripped of coated pits with buffer of high pH, and 
incubated for 30 minutes at 4°C with cytoplasm prepared from 
SV40 transformed human fibroblasts (17). As determined by indi- 
rect immunofluorescence, this procedure restored the coated pits on 
the plasma membrane (Fig. 1, E and F). The newly formed coated 
pits were found only on the membranes and not on the adjacent 
cover slip, indicating that the clathrin was bound specifically to the 
stripped membranes. Furthermore, coated pits did not form when 
isolated human erythrocyte membranes, which do not have coated 
pits, were incubated with cytoplasm. 

To visualize coated pit assembly with the electron microscope, we 
prepared carbon-platinum replicas of membranes (18). In a replica 
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of a freshly isolated plasma membrane (Fig. 2A), numerous planar 
polygonal lattices, which correspond to coated regions, were scat- 
tered over the membrane. Only an occasional deeply invaginated 
coated pit was seen. A companion set of membranes that had been 
treated with high p H  buffer did not contain either planar or curved 
lattices (Fig. 2B). Stripped membranes that were incubated with 
cytoplasm, however, contained numerous coated pits, each of which 
had the typical lattice morphology (Fig. 2C). Most of the newly 
assembled coated pits were smaller in diameter than the original 
coated pits (compare Fig. 2, C and A); moreover, the lattices were 
slightly curved (Fig. 2C, inset). 

The amount of clathrin bound to isolated membranes was 
quantified by preparing membranes in individual wells of a 96-well 
plate and measuring clathrin with an indirect '25~-labeled streptavi- 
din binding assay (15). When the membranes were stripped with 
buffer at high pH, 30 percent of the clathrin remained associated 
with the membranes (Table 1). After the membranes were incubated 
with cytoplasm, the level of bound clathrin rose to 78 percent of the 
amount that was originally on the membrane. Subtracting the 
amount of clathrin remaining after stripping (30 percent), coated 
pits assembled in vitro contained 48 percent as much clathrin as the 
coated pits on isolated membranes before stripping. 

Characterization of coated pit assembly. The cytoplasmic ex- 
tract, together with the isolated membranes, appear to contain the 
essential elements for coated pit assembly. The formation of coated 
pits may be regulated by the availability of assembly sites at the inner 
surface of the membrane. To see if there were a limited number of 
assembly sites on the plasma membrane, we measured the amount of 
clathrin that bound to purified membranes in response to incuba- 
tion with different concentrations of cytoplasm. As seen in Fig. 3, 
maximal binding of clathrin occurred at a cytoplasmic protein 
concentration of 0.5 to 1.0 mglml and did not increase further when 
more cytoplasmic protein was added. This suggests that there are 
high affinity interactions between coated pit proteins and the 
membrane during assembly. 

To account for the dynamics of coated pit turnover, assembly 
should be rapid. We again used the 125~-labeled streptavidin assem- 
bly assay to measure directly the kinetics of coated pit formation 
both at 4" and 37°C (Fig. 4). Regardless of temperature, maximal 
assembly occurred after a 10-minute incubation with cytoplasm, 
although the amount of clathrin on the membrane at this time was 
nearly two times higher at 4°C than at 37°C. With longer incuba- 
tion, the level of clathrin membranes treated at 4°C declined slightly; 
however, at 37°C there was a marked decline in the amount of 
membrane-bound clathrin. The temperature-dependent disappear- 
ance of coated pits was also observed when we used the indirect 
irnmunofluorescence assay described in Fig. 1. 

=. - 1 Fig. 3. Dependence of coated pit formation in vitro on the concentration of 

We next determined what proteins are recruited to the plasma 
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membrane during coated pit assembly. Purified plasma membranes 
were prepared and the coated pits were removed by treating the 
membranes with either p H  9.0 buffer or 0.5M tris buffer at neutral 
p H  (9). Each set of membranes was then incubated for 15 minutes at 
4°C with cytoplasm that had been prepared from SV40 human 
fibroblasts grown in the presence of [35S]methionine for 24 hours to 
label cellular proteins. Companion sets of membranes were either 

cytoplasmic protein. Membranes from normal human fibroblasts 
Ti -c la th r ln  (2.5 X lo5) were attached to the bottom of individual wells of a 96-well 

- . plate (27). Each well was washed twice with 250 pl of buffer C (13) and then 
incubated with 250 pl of buffer C for 20 minutes, all at 4°C. At the end of - the incubation period, each well was washed three times with 250 pl of 

f 
buffer C and then washed three times with 250 pl of buffer F (13). Each well 
then received 50 p1 of ice-cold cytoplasm at the indicated concentration of 
protein and incubated at 4°C for 1 hour. The various concentrations of 

- cytoplasmic protein were prepared by diluting cytoplasm (17) with buffer F 
Non-Immune (13). At the end of the incubation period, each well was washed four times -.. with 250 p1 of buffer F at 4"C, fixed with 3 percent formaldehyde, and 

a 
-0 

J 
0 assayed for the binding of either anti-clathrin IgG ( 0 )  or non-immune IgG 

- 8-0-0-0 (0) by an indirect '251-labeled streptavidin binding assay (27). Each point is 
0 - '  I I I I I I I I the average of three wells. The (X) on the ordinate corresponds to the 

processed for~immunofluor&cence localization of coated pits (Fig. 
5, A and B) or solubilized in detergent and analyzed by SDS- 
polyacrylamide gel electrophoresis and autoradiography (Fig. 5, A' 
and B'). Whereas membranes treated at high p H  had normal 

o 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 amount of '251-labeled streptavidin that bound to unstripped membranes. 

Cytoplasmic proteln (mgiml) The amount of '2S~-labeled streptavidin bound to wells that did not contain 
membranes but were treated identically averaged 248 cpm per well. Nonim- 
mune IgG was an irrelevant monoclonal IgG (28). 

numbers of coated pits (Fig. 5A), coated pits did not assemble onto 
membranes treated with 0.5M tris (Fig. 5B). In the autoradiogram 
of the polyacrylamide gel, several labeled proteins were common to 
both membranes (Fig. 5, A' and B'). However, only membranes 
treated at p H  9.0 contained labeled proteins with molecular sizes of 
180, 110, and 36 kD (arrows, Fig. 5A'). Therefore, coordinate with 

Tlme of incubation (min) 

Fig. 4. Time course of coated pit assembly at 4°C ( 0 )  and at 37°C (0) on 
isolated membranes attached to poly-L-lysine. Membranes from 2.5 x lo5 
normal human fibroblasts were attached to the bottom of individual wells of 
a 96-well plate (27). Each well was treated to remove coated pits as in Fig. 3. 
Each well then received 50 p1 of cytoplasm (6.3 mglml) and was incubated 
for the indicated time at either 4°C (e) or 37°C (0). At the end of the 
incubation, each well was assayed for anti-clathrin IgG binding as described 
in Fig. 3. The average amount of '251-labeled streptavidin that bound to 
stripped membranes (3924 cpm per well) was subtracted from each value. X 
on the ordinate corresponds to the amount of '251-labeled streptavidin that 
bound to unstripped membrane. Each value is the average of three wells. The 
amount of 'Z51-labeled streptavidin bound to wells that did not contain 
membranes but were treated identically averaged 567 cpm per well. 
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Fig. 5. Identification of cyto lasmic proteins that 
uwxiate with isolated memgranes during coated 
pit formation in vim. Membranes from normal 
human fibroblasts were attached to two sets (set A 
and A', and set B and B') of ply-L-lysine coated 
cover slips (12). Both sets of membranes were 
subjected to the coated pit stripping procedure 
described in Fig. 1; however, one set (A and A') 
was snipped with buffer C (13), whereas the 
other set (B and B') was stripped with buffer E 
(13). Each set was then incubated at 4°C for 15 
minutes with 70 pl of cytoplasm (17) prepared 
from SV40-transformed human fibroblasts that 
had been grown for 24 hours in the presence of 
methionine free DMEM (K C Biological LMC 
237) containing 10 percent fetal calf serum, 20 
mM Hepes, penicillin at 100 Ulml, stre tom cin R at 100 pglml, 10 methionine, and [ Slmeth- 
ionine (100 pCi/ml; 1120 Ci/mmol, New En- 
gland Nuclear NEG-009C). The specific activity 
of the cytoplasm was lo6 cpmlpl. At the end of 
the incubation, each cover slip was washed six 
times with ice-cold buffer F (13). One cover slip 
from each set (A and B) was processed for indirect 
immunofluorescence localization of clathrin heavy 
chains (25). The other cover slip from each set (A' 
and B') was incubated for 1 minute with 50 pl of 
boiling sample buffer (0.0625M tris-HCl,pH 6.8, 
10 percent glycerol, 5 percent 2-mercaptoethanol, 
0.001 percent bromophenol blue and 2.3 percent 
sodium dodecyl sulfate). Sample buffer was re- 
moved, and 50 pl of fresh boiling sample buffer 
was added to the cover slips. The two pomons of 

sample buffer were pooled, boiled for 3 minutes, perature with Amplify (Amersham DAMP.lOO) 
centrifuged at 11,6008 for 5 minutes (microfuge) and dried. The dried gel was overlaid with XAR-5 
and subjected to electrophoresis into a 7.5 percent x-ray film, and stored at -80°C for 4 days. 
SDS polyacrylamide gel slab according to the Molecular size markers correspond to standard 
method of Laemmli (31). After electrophoresis, proteins (Bio-Rad 161-0303,0304) processed in 
the gel was stained with Coomassie blue, de- the same gel. Arrows mark proteins of 180 kD, 
stained, incubated for 30 minutes at mom tem- 110 kD, and 36 kD ( ~ 5 0 0 ) .  

the assembly of coated pits, the membrane acquired cytoplasmic 
proteins that correspond in molecular size to the heavy chain of 
clathrin (180 kD), one of the light chains of clathrii (36 kD), and 
one or more of the 110-kD family of clathrin-associated proteins. 

The effect of adenosine triphosphate (ATP) on coated pit assem- 
bly was determined by incubation of stripped membranes with 
cytoplasm that contained apyrase, a potato enzyme that hydrolyses 
ATP (19). Normal numbers of coated pits assembled after the 
stripped membranes were incubated with ATP-depleted cytoplasm 
for 30 minutes at 37°C; moreover, the number of coated pits did not 
decline after incubation at 37°C for 60 minutes (Fig. 6A). 

These results suggested that the temperature-dependent disap- 
pearance of newly assembled coated pits observed in Fig. 4 required 
ATP. Therefore, two sets of membranes that contained coated pits 
assembled from apyrase-treated cytoplasm were washed to remove 
cytoplasm and incubated for 10 minutes at 37°C in buffer that 
contained either ATP or apyrase. A comparison of Fig. 6B with Fig. 
6C shows that after incubation with ATP, coated pits had disap- 
peared fiom the membrane. 

New insights. Membranes that have been treated to remove 
endogenous coated pits support the formation of new coated pits 
when they are incubated in the presence of cytoplasm fiom a 
cultured cell. As judged by immunofluorescence, just as many coated 
pits formed as were initially present on the membrane. Moreover, 
the lattice morphology appeared to be normal, although the lattices 
were smaller and somewhat more curved than the endogenous 
lattices. By quantitative assay, the amount of clathrin that bound to 
the membranes during reassembly was only half of that present 
betbre stripping. i his-is in agreement with the smaller size of the 
reassembled lattices. 

Having achieved coated pit assembly in vitro, and with the 
confidence that this process mimics many features of coated pit 
formation in situ, we proceeded to use this system to obtain 
information about the assembly process. Our results indicate that (i) 
there are a limited number of high afbity assembly sites on the 

membrane; (ii) assembly is rapid, both at 4" and 37°C; (iii) in 
addition to clathrin heavy chain and light chain, the 110-kD class of 
clathrin-associated proteins is recruited to the plasma membrane 
during assembly; and (iv) ATP is not directly required for assembly 
but appears to trigger a temperature-dependent loss of coated pits. 

In tissue-cultured cells, 2 percent of the cell surface has coated pits 
( I ) ,  and 50 to 60 percent of the total clathrin (16) resides in an 
unassembled pool of 9s clathrin (triskelions) (20). Our results 
suggest that assembly is regulated in part by the number of assembly 
sites present on the plasma membrane. Assembly in vitro was a 
saturable process and half-maximal assembly occurred at a cytoplas- 

Table 1. Relative amount of clathrin on isolated membranes. Membranes 
from 2.5 x lo5 normal human fibroblasts were attached to the bottom of 
individual wells of a 96-well plate (27). One set of wells (unstripped) was 
fixed with 3 percent formaldehyde. The other wells were washed twice with 
250 pl of buffer C (13) and then incubated with 250 pl of buffer C for 20 
minutes, all at 4°C. At the end of the incubation, each well was washed three 
times with 250 pI of buffer C at 4°C. One set of wells (stripped) was washed 
with buffer F and fixed with 3 percent formaldehyde. The other set 
(reassembled) was washed three times with ice-cold buffer F (13) and then 
incubated for 1 hour at 4°C with 50 pl of cytoplasm (7.7 mglml) in each 
well. At the end of the incubation, the wells were washed four times with 
250 p1 of buffer F and fixed with 3 percent formaldehyde. AU wells were then 
assayed for the binding of either anti-clathrin IgG or non-immune IgG [a 
monoclonal lgGzb that does not bind to human fibroblasts (28)] with an 
indirect IZ5I-labeled streptavidin biding assay (27). Each value is the mean 
(cpm + SEM) of each of three wells. The average amount of '251-labeled 
streptavidin bound to wells that did not contain membranes but were treated 
identically was 248 cpm per well. 

'Z51-Streptavidin bound Percent 
Treatment Anti-clathrin Non-immune of 

IgG IgG 
control 

Unsmpped 8823 2 1264 711 + 52 100 
Stripped 2686 + 186 283 + 25 30 
Reassembled 6875 + 641 1631 + 66 78 
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Reassembled + ATP 

Fig. 6. Distribution of coated pits assembled on isolated membranes at 37°C 
(A) or assembled and incubated in the presence (C) or absence (B) of ATP. 
Membranes from normal human fibroblasts were attached to poly-L-lysine 
coated cover slips and treated to remove coated pits (see Fig. 1). Each cover 
slip was overlayed with 100 pl of cytoplasm (4.8 mglml) containing apyrase 
(500 pg/ml) (Grade VII, Sigma A6160) and incubated at 37°C for 1 hour 
(cytoplasm with apyrase was preincubated 5 minutes at room temperature). 
At the end of the incubation, each cover slip was washed four times with 

mic protein concentration of about 0.3 mglml. On the basis of the 
studies of Goud et al. (16), we estimate the clathrin concentration to 
be 0.2 to 0.4 pglrnl. Therefore, the plasma membrane contains a 
limited number of assembly sites, and clathrin appears to have a high 
aftinity for these sites. Our method should facilitate the biochemical 
identification of the assembly sites. 

Coated pit assembly was just as rapid at 4°C as it was at 37°C. 
Moreover, the half-time of assembly (about 5 minutes) was similar 
to what has been estimated from studies on the time course of 
assembly in the intact cell (18). These results support a role for high- 
aftinity interactions between coated pit proteins and the cell surface 
during assembly. 

Whereas isolated coated vesicles usually have five proteins associ- 
ated with the lattice (9), we only detected three proteins in coated 
pits assembled from cytoplasmic extract labeled with [3s~]methion- 
he; the 50-kD clathrin-associated protein and one of the clathrin 
light chains were missing. These proteins may not have appeared on 
the autoradio ams because they did not incorporate a sdlicient F amount of [3 Slmethionine (15). However, coated pits may not 
contain these proteins. 

Attempts to determine the intracellular ATP requirements for 
internalization of molecules by coated pits has yielded conflicting 
results. Larkin et al. (21) depleted ATP in human fibroblasts by 98 
percent without affecting the rate of low density lipoprotein (LDL) 
internalization. Likewise, ATP-depleted hepatocytes are able to 
internalize asialoglycoproteins (22). Hertel a al. (U), however, 
have found that the internalization of epidermal growth factor is 
inhibited in ATP-depleted astrocytoma cells. Our results indicate 
that at least the assembly phase of the coated pit-mediated endocytic 
cycle can occur in the absence of ATP because pits formed when 
membranes were incubated with ATP-depleted cytoplasm. In addi- 
tion, assembly occurred at 4°C. 

The temperature-dependent disappearance of coated pits assem- 
bled in the absence of ATP, on the other hand, was stimulated by 
ATP. We do not know why the coated pits disappeared. The loss of 
pits may involve the invagination of the lattice and the pinching off 
of membrane. Alternatively, the coated pit lattice may disassemble 
directly at the membrane. Lattice disassembly could be mediated by 
the ATP-dependent enzyme that uncoats coated vesicles, which was 
discovered by Rothman and co-workers (24); however, this seems 
unlikely because the disappearance of coated pits was not dependent 
on the presence of cytoplasm or any other potential source of the 
~l"~Yl"e. 

buffer F (13) at 4°C. Cover slip A was fixed with 3 percent formaldehyde. 
Cover slip B was incubated with 100 (11 of buffer F containing apyrase (500 
pglml) for 10 minutes, and cover slip C was incubated with 100 pl of buffer 
F containing 3.2 mM ATP, 16 mM phosphocreatine, and creatine phospho- 
kinase (12.8 IUIml) at 37°C. At the end of the incubation, both cover slips 
were washed four times with buffer F and fixed. All cover slips were 
processed for indirect immunofluorescence localization of clathrin (25) 
(x500). 

The results obtained thus far from studying coated pit assembly in 
v i m  suggest that it should be possible to characterize assembly sites 
and identify the proteins in the coated pit lattice. In addition, further 
studies of the temperature-dependent disappearance of reassembled 
coated pits may lead to new insights about how coated pits mediate 
endocytosis. 
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tape. The cells were incubated 1.5 hours at 37"C, and 2 ml of warmed (37°C) 
H e r D M E M  that contained 10 percent fetal calf serum was added to each dish 
an further incubated 15 minutes at 37°C. This media was removed, and 2 ml of 
ice-cold Hepcs-DMEM containing 10 percent f e d  calf scnun was added to each 
dlsh and incubated for 1 hour at 4°C. Each dish was rinsed twice with ice-cold 
buffer A (13) and then once with ice-cold buffer B (13). Each dish was then tilled 
with 25 ml of ice-cold buffcr B, and the cells were immediately sonicated by placing 
a 112-inch tapped horn 1 cm above the center of the cover slip and sonicating for 2 
seconds at a power senin of 5.5 (Heat S stems Ultrasonics, model W185G). The 
buffer was removed, 2 mfof ice-cold b d r  B was added, and the dish was hdd at 
4°C until the indicated treatment. 

13. Buffer A consisted of 50 mMHc (N-2-hydro~ynhylpipcraZinc-N'-2-nhanesul- 
fonic acid) pH 7.4, 100 mM E l ;  buffer B consisted of 20 mM MES [2(N- 
moroholino) ethanesulfo~c acidl. OH 6.0.2.5 mM M d , .  2.5 mM EGTk 1 mM 
bc&dik, 1 mM l,l~-~henk;throline; 10 p M  I C U ~ ~ M ;  buffer C conshed of 
20 mM TAPS [ms(hydroyymethyl)m~ylaminopmpanc sulfonic acid],pH 9.0, 1 
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mM benzamidine 1 mM 1,10 henanthroline, 10 p.44 leu eptin; buffer D 
consisted of 1 M Jis, p~ 7,0, 1 m h  benzamidine, 1 d l,l0-p!enanthroline, 10 
p.44 leupeptin; buffer E consisted of equal volumes of buffer B and buffer D; buffer 
F consisted of 36.4 mM Hepes-KOH,pH 7.2, 68.2 mM KCI, 4.1 mM magnesium 
acetate, 1 mM dithiothreitol, 1 mM benzamidine, 1 mM 1,lO-phenanthroline, 10 
p.44 leupeptin; buffer G consisted of 20 mM He es,pH 6.8, 100 mM KCI, 5 mM 
MgC1,, 3 mM EGTA; buffer H consisted of 2 . 8 m ~  NaH2 PO4. H20 ,  7.7 mM 
Na2 H P 0 4 .  7 H 2 0 ,  150 mM NaCI, 2 mM MgC12, pH 7.4; buffer I consisted of 
8.1 mM Na2HP04. 7 H20 ,  1.5 mM KH2P04, 137 mM NaCI, 2.7 mM KC1,pH 
7.4; buffer J consisted of 10 mM Hepes-KOH, pH 7.2, 15 mM KCI, 1.5 mM 
magnesium acetate, 1.1 mM dithiothreitol, 1.1 mM benzamidine, 1.1 mM 1,lO- 
phenanthroline, 11 p.44 leupeptin; buffer K, consisted of 300 mM Hepes-KOH, 
pH 7.2, 600 mM KCI, 30 mM magnesium acetate; and buffer L consisted of 50 
mM NH4Cl in Dulbecco's phosphate-buffered saline (Gibco, 310-4190). 
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su plemented with 10 percent fetal calf serum, 20 mM Hepes, penicillin at 100 Ul 
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7, the med~a was replaced wit! 5 of trypsin-EDTA and iniubated for 5 minutes 
at 37°C. The cells were collected in this solution and an equal volume of buffer I 
(13) containing 10 percent fetal calf serum was added; the cells were then 
centrifuged at 6008 for 5 minutes, and washed twice by resuspension and 
centrifuging with 40 ml of buffer I. The final pellet of cells was resus ended in 20 
ml of ice-cold buffer J (13) and incubated on ice for 5 minutes. ~ ! e  cells were 
centrifuged at 6008 for 3 minutes at 4"C, and the supernatant was removed, leaving 
a volume of fluid equal to 1.5 times the volume of cell pellet. The cells were 
resuspended in the remaining buffer and transferred to a 7-ml Dounce homogeniz- 
er (Flscher 06-4354) and homogenized (20 strokes). The volume of the homoge- 
nate was measured and 0.1 volume of buffer K (13) was added before centrifuging 
at 11,6008 for 5 minutes at 4°C (Beckman I1 microfuge). The su ernatant was 
removed and centrifuged at 107,0008 for 1 hour at 4°C in a ~ e c h a n  TL-100 
ultracentrifuge (TLA-100.2 rotor). The supernatant, which corresponded to the 
a~oplasm, was divided into multiple portions and stored at -80°C. Prior to each 
experiment, a portion of extract was thawed brieflv at 37°C and then laced on ice. 
From 20 flasks of cells, 5 x 10' to 8 x 10' cells wire harvested, whicR yielded 3 to 
5 ml of a~toplasm with a protein concentration of 4 to 8 m lml 
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23. C. Hertel, S. J. Coulter, J. P. Perkins, ibid. 261, 5974 (1986). 
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25. Isolated membranes attached to cover slips were subjected to the indicated 
treatment and fived with 3 percent formaldehvde in buffer G (13) for 15 minutes at 
4°C. The membranes were washed once with buffer L (13), rinsed twice with buffer 
H, and incubated with anti-clathrin [ l  p per milliliter of monoclonal heavy chain 
immunoglobulin G (IgG); X-22, (13)] k r  30 minutes at 37°C. The membranes 
were washed four times (5 minutes each) in buffer H (13) and incubated for 30 
minutes at 37°C with rabbit antibody to mouse IgG (50 pglml) coupled to 
fluorescein isothiocyanate (Zymed, 61-6511). The washing procedure was repeat- 
ed, and the membranes were then incubated for 15 minutes at 37°C with WGA (1 

p&iml) cou led to rhodamine tetramethylisothio anate (Vector, RL-1022) and 
washed as a&ove. Buffer H containing 0.1 percent7ovine serum albumin was used 
for all antibody dilutions. 

26. Isolated membranes attached to cover slips were treated as indicated and fixed with 
1 percent glutaraldehyde (vlv) plus 1 percent formaldehyde (wlv) in buffer G for 30 
mnutes at 4°C. The membranes were postfixed with 0.5 percent Os04 in buffer G 
for 30 minutes at room temperature, dehydrated through ethanol into amyl acetate, 
and dried at the critical point (Balzars CPD 020) wlth bone dry CO2. Carbon- 
platinum replicas (7.5 nm thick) of the membranes were made in a Balzars 301 
equipped with a rotating cold stage (120 revlmin). The electron gun was 
maintained at an angle of 13". After the replicas were reinforced with carbon (15 
nm thick), they were floated free of the cover slip in a distilled water bath and 
digested with Clorox for 2 minutes before being mounted on Formvar-coated 
gGds. 
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27. Each well of a 96-well plate (Immulon I Removawell96-well plates, Dynatech) was 

rinsed with water and incubated with 100 )LI of poly-L-lysine (1 mglml, >300 kD) 
for 1 hour at 37°C. Each well was rinsed five times with water and 200 pl of cell 
suspension (1.25 x lo6 cells per miUiliter in Hepes-DMEM) was added. The cells 
were incubated 1.5 hours at 37°C and then 400 pI of warmed Hepes-DMEM 
containing 10 percent fetal calf serum was added to each well. After a 15-minute 
incubation at 37"C, the wells were laced on ice for 1 hour. Each well was then 
washed three times with ice-cold bu&r A followed by a washing with cold buffer B 
(200 pl per washing). The wells were moved to the sonicator, 200 FI offresh buffer 
B (4°C) was added, and a 118-inch tapered microtip tapped probe (Heat Systems) 
was placed 5 mm above the bottom of each well. The cells were sonicated for 2 
seconds at a power setting of 2.5, the buffer removed, and the wells washed with 
cold buffer B (200 )LI per well). The membranes in each well were subjected to the 
indicated treatment, rinsed four times with 250 p1 of the ice-cold buffer F and fived 
(15 minutes at 4°C) with 3 percent formaldehyde in buffer G. Each well was 
washed six times with 200 pI of buffer H (13) and held overnight in buffer H at 
4°C. Each well was then washed twice with 250 )LI of buffer H and incubated for 1 
hour at 37°C with 400 )LI of buffer H containin 2 percent crystalline grade bovine 
serum albumin (Sigma A7638) and 100 mM &cine. Each well was washed twice 
with buffer H containing 0.1 percent c stalline bovine serum albumin (BSA) and 
incubated for 1 hour at 37°C with 50 T o f  anti-clathrin (heavy chain IgG) diluted 
to 1 pgiml in buffer H containing 1 percent of crystalline BSA and 2.0 percent 
horse serum (Vector, 5-2000). Each well was washed seven times with buffer H 
containing 0.1 percent crystalline BSA (third washing was for 5 minutes). Each 
well then received 50 pI of biotinylated horse antibody to mouse IgG (Vector BA- 
2000) diluted to 1 pdml in buffer H containing 1 percent crystalline BSA and 2.0 
percent horse serum and incubated for 1 hour at 37°C. Wells were washed again as 
above and incubated for 15 minutes at room tem erature with '251-labeled 
stre tavidin (50 )LI per well; 20 to 40 pCi/)~g, ~mersRam IM.112) diluted to a 
finafconcentration of 1 )~Ci/ml in buffer H containing 1 percent c stalline BSA. 
The 1251-labeled streptavidin was incubated with a small amount o r ~ o w e x  1-X8 
(Baker 1904-1) for 10 minutes at room temperature before use. Each well was then 
washed as before, laced in a glass tube (12 by 75 mm) and counted in a gamma 
counter. AU assay [uffers were filtered through a 0.2-pm filter and all anubodies 
were centrifuged for 5 minutes at 11,6008 before use. 

28. U. Beisiegel, W. J. Schneider, M. S. Brown, J .  L. Goldstein, I. Bwl. Chem. 257, . . . ?  
13150 (1382). 

29. J. L. Goldstein, S. K. Basu, M. S. Brown, Method Enzymol. 98, 241 (1983). 
30. W. E. Balch, E. Fries, W. H. Dun hy, L. J. Urbani, J. E. Rothman, ibid., p. 37. 
31. U. K. Laemmli, Nature jlondan) i27 ,  680 (1970). 
32. We thank J. L. Goldstein and M. S. Brown for their helpful comments and 

enthusiastic support of this research. We thank R. Doshi, W. Donzell, and R. Van 
Driel for technical assistance and M. Surovik for secretarial assistance. Supported 
by NIH grant HL 20948. 

28 November 1986; accepted 31 March 1987 

I MAY 1987 RESEARCH ARTICLES 563 




