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Abstract. Biochemical and morphological techniques 
were used to demonstrate the early steps in the en- 
docytosis of transferrin in broken A431 cells. After 
binding ~25I-transferrin, the cells were broken by scrap- 
ing and then warmed. J25I-transferrin became inaccessi- 
ble to exogenous anti-transferrin antibody providing a 
measure of the internalization process. Parallel mor- 
phological experiments using transferrin coupled to 

horseradish peroxidase confirmed internalization in 
broken cells. The process was characterized and com- 
pared with endocytosis in intact cells and showed 
many similar features. The system was used to show 
that both the appearance of new coated pits and the 
scission of coated pits to form coated vesicles were 
dependent on the addition of cytosol and ATP whereas 
invagination of pits was dependent on neither. 

ECEPTOR-mediated endocytosis enables cells to select 
certain components from the surrounding medium 
and exclude others (Pearse and Bretscher, 1981). 

Ligands bind to high affinity surface receptors which are ei- 
ther already located in coated pits or become located in them 
as a result of ligand binding. Information in the cytoplasmic 
tail of the receptor appears responsible for incorporation into 
pits (Davis et al., 1986; Lazarovits and Roth, 1988) and is 
interpreted by coat components (100- and 50-kD accessory 
coat proteins) which link the receptors to the underlying 
clathrin coat (Robinson and Pearse, 1985; Pearse, 1985). In- 
vagination is probably caused by rearrangement of the coat 
(Heuser and Evans, 1980; Pearse and Crowther, 1987) and, 
by generating a high surface area to volume ratio, the coated 
pit ensures that the volume of free fluid taken up is as small 
as possible. This reduces the amount of contaminating 
ligands taken into the cell. After scission of the deeply in- 
vaginated pit to form a coated vesicle, the coat is removed 
and the vesicle fuses with an endosome thereby exposing the 
ligand-receptor complexes to the low pH inside this or- 
ganelle (Tycko and Maxfield, 1982). Some complexes are 
unaffected and pass on to another part of the plasma mem- 
brane as happens during transcytosis of IgA (Mostov and 
Simister, 1985). Other complexes are sent directly to lyso- 
somes for degradation as happens to complexes of growth 
factors and their receptors (Carpenter, 1987). Yet others are 
dissociated, the ligands passing to lysosomes and the recep- 
tors back to the cell surface (Goldstein et al., 1985), proba- 
bly by a mechanism that mirrors the uptake pathway (Geuze 
et al., 1984). 

A variety of nutrients take this latter pathway. Iron uptake, 
for example, is mediated by ferri-transferrin, which binds to 
surface transferrin receptors and is delivered into the acidic 
environment of the endosome. This releases the ferric ions 

and the depleted carrier, apo-transferrin, recycles to the 
plasma membrane still bound to receptor. Here it is released 
allowing more ferri-transferrin to bind, thereby continuing 
the transferrin cycle (Octave et al., 1983; Dautry-Varsat et 
al., 1983; Klausner et al., 1983). 

Little is known about the mechanism underlying receptor- 
mediated endocytosis largely because the component parts 
are located, for the most part, on the cytoplasmic side of the 
membrane and are therefore not directly accessible to bio- 
chemical manipulation. Cells have to be broken and consid- 
erable information has been obtained by analysis of isolated 
intermediates, especially coated vesicles (Pearse, 1987) and 
endosomes (Helenius et al., 1983). What has been missing 
to date is information as to how one intermediate is trans- 
formed into another and what additional components are 
needed for these steps. The classical biochemical approach 
to obtaining such information is to set up cell-free assays 
which measure one or more steps of a pathway (Buchner, 
1897; Harden and Young, 1906). Using this approach, an 
ATPase has been purified that uncoats coated vesicles in 
vitro and is thought to have the same function in vivo (Roth- 
man and Schmid, 1986). The fusion of endocytic vesicles 
has also been studied and a preliminary characterization of 
the process has been obtained (see Warren et al., 1988). In 
this study we have used the same approach to examine earlier 
steps in the endocytic pathway and have been able to identify 
several of the intermediates involved and the conditions re- 
quired to convert one into another. 

Materials and Methods 

Materials 

All media and supplements were obtained from Flow Laboratories, Rick- 
mansworth, England. Tissue culture plastic was obtained from Gibco Ltd., 
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Paisley, Scotland. All other reagents, unless otherwise stated, were obtained 
from Sigma Chemical Co. (PoNe, England) or BDH Chemicals Ltd. 
(Poole, England). 

Cells 
A431 cells (a gift from Professor Colin Hopkins, Imperial College, London) 
were grown in DME supplemented with 10% (vol/vol) FCS, and 100 U/ml 
each of penicillin and streptomycin. Cells were grown at 37°C in an at- 
mosphere of 95% air/5% COz, and passaged every 2-3 d at a 1:5 dilution. 
Cells were not used past passage 40. 

Antibodies 
Sheep antitransferrin antiserum, a gift from the Scottish Antibody Produc- 
tion Unit, was heat treated for 30 rain at 56°C and stored at 4°C. The volume 
of sheep antitransferrin antibody used per assay was in excess of that re- 
quired to immunoprecipitate 95-98% of the surface transferrin. 

Rabbit anti-sheep IgG was purchased from Cooper Biomedical, Lorne 
Diagnostics (Bury St. Edmonds, England). Staphylococcus aureus cells 
were completely coated with rabbit anti-sheep antibody and an excess was 
used to collect the immune complex. 

lodinated Transferrin 
Iodinated transfcrrin was prepared according to the iodogen method (Fraker 
and Speck, 1978) with the modifications described by Woodman and Warren 
(1988). The final preparation of transferrin had a protein concentration of 
50 #g/ml and a specific activity of 4-8 × 106 cpm/~g. Radiolabeled trans- 
ferrin was stored at 4°C for up to 2 wk. 

Preparation of Broken Cells 
A431 cells were broken in a manner similar to that used by Beckers et al. 
(1987). They were grown to near confluency (80-90%) on large Petri dishes 
(140-mm-diam) or large plates (243 x 243 mm). After washing three times 
with ice-cold Dulbecco's PBS, the cells in Petri dishes were incubated in 
5 ml of binding medium, those in large plates in 10 ml of binding medium 
(DME supplemented with 20 mM Hepes-NaOH, pH 7.4, and 0.1% (wt/vol) 
BSA), containing 125I-transferrin (1 pg/ml) for 10 min at 4°C with rocking. 
The cells were then washed four times with 100 mM KCI, 85 mM sucrose, 
1 mM magnesium acetate, and 20 mM Hepes-NaOH, pH 7.4 (KSHM) l, 
and drained for 2-3 rain to remove as much buffer as possible without the 
cells drying out. Cells were removed from the dish by scraping with a sec- 
tion of a rubber bung with a straight edge. After gentle resuspension using 
a Gilson 1-rnl pipette tip with the end removed, cells were used immediately. 
The preparation of broken cells resulted in an 8-10-fold dilution of cytosol. 

Cell breakage was determined by the release of lactic dehydrogenase as- 
sayed essentially by the method of Kornberg (1955). An aliquot of the bro- 
ken cell suspension was centrifuged at 1,000 gay for 10 min at 4°C. Both 
the supernatant and pellet (after resuspension in KSHM) were assayed for 
lactic dehydrogenase activity in the presence of 0.5 % (wt/vol) Triton X-100. 
The percentage of the total lactic dehydrogenase activity present in the su- 
pernatant was taken to be the measure of cell breakage. 

Conditions of Incubation 
Broken cell suspensions (10-50 #l) were placed in Eppendorf tubes and a 
one-tenth volume of an ATP-regenerating or -depleting system was added. 
The ATP-regenerating system comprised 1 vol 40 mM MgATP, pH 7.0, 1 
vol 200 mM creatine phosphate in H20 and 2 vol creatine phosphokinase 
(0.2 mg/ml in 50% glycerol). For the ATP-depleting system, bexokinase, 
supplied as an (NH4)2SO4 Iprecipitate, was pelleted and resuspended to 500 
IU/ml in 100 mM glucose. The samples were warmed to 31°C and incubated 
for 15 min unless otherwise stated. After chilling on ice, 2 ~1 sheep an- 
titransferrin antiserum in 100 ~1 KSHM was added and the samples left on 
ice for 90 rain with frequent but gentle agitation. Addition of 900 #1 of 
KSHM and mixing was followed by centrifugation at 1000 gay for 10 rain 
at 4°C. The supernatants were removed. The pellets were resuspended in 
100 ~1 of immunoprecipitation buffer (IB; 100 mM Tris-Cl, pH 8.0, 100 mM 
NaCI, 5 mM MgCI2, 1% [wt/vol] Triton X-100 and 1 mg/ml BSA) contain- 

1. Abbreviations used in this paper: IB, immunoprecipitation buffer; 
KSHM, 100 mM KCI, 85 mM sucrose, 1 mM magnesium acetate, and 
20 mM Hepes-NaOH, pH 7.4. 

ing 0.5 ~g of transferrin. After 5 min on ice, coated Staphylococcus aureus 
cells (10/~1 of a 10% suspension in IB, coated with rabbit anti-sheep anti- 
body) were added and the samples incubated at 37°C for 30 rain. The sam- 
ples were then centrifuged at low speed for 4 rain at room temperature in 
a Microcentaur centrifuge and the pellets and supernatants counted. The 
loss of accessibility was expressed as the percentage of 125I-transferrin in 
the supernatant over the total (pellet and supernatant) '25I-transferrin pres- 
ent at zero time. 

For the cytosol dependence experiments, broken cells were diluted to 1 
ml with KSHM and then centrifuged at 1,000 gay for 10 min at 4°C. After 
removal of the supernatant the pellets were resuspended either in KSHM 
or cytosol (10-20 mg/ml) containing an ATP-regenerating or -depleting sys- 
tem. The remainder of the incubation was carried out as described above. 

For determination of the pH dependence of internalization the buffers 
used consisted of 100 mM KCI, 85 mM sucrose, 1 mM magnesium acetate 
and, for pH 6.0-6.8, 20 mM Mes; for pH 6.8-7.7, 20 mM Mops; and for 
pH 7.4-8.0, 20 mM Hepes. 

Preparation of Cytosol 
Confluent monolayers of A431 cells were washed four times in KSHM, 
scraped, and homogenized at 4°C by passing the suspension six times 
through a stainless steel ball bearing homogenizer with an 8-~m clearance 
(Balch et al., 1984). After centrifugation in a rotor (model 70.1 Ti; Beck- 
man Instruments, Inc., Palo Alto, CA) for 1 h at 230000 g~ aliquots of the 
supernatant were frozen and stored in liquid nitrogen. Protein concentra- 
tions were determined according to the method of Bradford (1976). 

Internalization in Intact Cells 
To measure internalization of 125I-transferrin in intact cells the cells were 
grown in Petri dishes (3.5-cm-diam) and, after washing three times with 
PBS, were incubated with 0.6 ml of J25I-transferrin (1/~g/ml). Internalized 
transferrin was measured using two methods. (a) Surface bound label was 
removed by incubation of the cells at 4°C in acetic acid saline (0.2 M acetic 
acid, 0.5 M NaCI, pH 2.4) for 10 rain (Hopkins and Trowbridge, 1983). 
The cells were then digested with 1 M NaOH for 1 h at 4°C. (b) Cells were 
treated with 2 ~1 of sheep antitransferrin antibody in 200 ~1 KSHM. After 
removal of excess antibody and solubilization in IB containing 5/~g/ml unla- 
beled transferrin, surface bound 125I-transferrin was immunoprecipitated 
using Staphylococcus aureus cells coated with rabbit anti-sheep antibody. 

Transferrin Conjugated to Horseradish Peroxidase 
(Transferrin-HRP) 
Conjugates were prepared according to the method of Bretscher and Thom- 
son (1985). Horseradish peroxidase was extensively succinylated and then 
reacted with transferrin. Products were gel filtered in Sephadex G-200 in 
2 mM Hepes-NaOH, pH 7.4, 150 mM NaCI to separate conjugates from 
free transferrin and HRP. Analysis by SDS-PAGE, showed that mono- and 
divalent conjugates (transferrin-HRP and transferrin-2HRP) had been 
formed. The conjugates were stored at -20°C at a concentration of 0.2 
mg/ml. 

Preparation of Samples for Morphological Analysis 
Near confluent A431 cells were incubated in serum-free medium for 1 h at 
37°C to remove bovine transferrin. This increased the binding of transferrin- 
HRP which appeared to have a lower affinity for the transferrin receptor than 
'25I-transferrin. The cells were then washed in PBS and incubated for 2 h 
at 4°C in binding medium containing transferrin-HRP (4/~g/ml). The cells 
were washed six times in KSHM buffer at 4°C and broken as described 
above. The conjugate was shown to bind specifically by incubating the cells 
in transferrin-HRP in the presence of a 100-fold excess of unlabeled human 
transferrin. Under these conditions, no HRP reaction product was detected. 

Aliquots (50 /~1) of broken cells were mixed with 5 #1 of the ATP- 
regenerating system and either kept on ice for 0 or 15 min, or incubated 
at 37°C for 5, 10, or 15 min. After incubation, 100 #1 of KSHM was added 
and each tube was kept on ice for 90 rain. The tubes were then centrifuged 
at 1,000 gay for 10 min at 4°C and the cells resuspended in 1 ml of fixative 
(mixture of I vol of KSHM and 1 vol of 1% [wt/vol] glutaraldehyde in 0.2 M 
cacodylate buffer, pH 7.2). Fixation was carried out for I h at room tempera- 
ture. Fixed cells were washed three times in PBS, pH 7.4, and then 
re.suspended in 1 ml of 1 mg/ml 3.Y-diaminobenzidine (tetrahydrochloride 
salt) and 0.3% hydrogen peroxide in PBS, pH 7.4. After incubation for 30 
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rain.at room temperature, cells were washed three times in PBS and then 
pelleted in a centrifuge (model J2-21; Beckman Instruments, Inc., Palo 
Alto, CA) at 7,100 gay for 10 min so that flat pellets were obtained. 

The pellets were postfixed in 1% (wt/vol) osmium tetroxide in 0.1 M cac- 
odylate buffer, pH 7.2, dehydrated in a series of graded solutions of ethanol 
and embedded intact in Epon 812 resin (Taab Laboratories, Berkshire, UK). 

For studies on the ATP and cytosol dependence aliquots of broken cells 
were first diluted to 1 ml in KSHM, centrifuged, and then resuspanded in 
KSHM or cytosol with an ATP-regenerating or -depleting system. They 
were incubated for 15 min at 0 or 31°C and then processed as described 
above. 

To make serial sections each pellet was sectioned in the periphery, per- 
pendicular to the bottom of the pellet. A pyramid was trimmed at a random 
location along the profile of the pellet in such a way that each section con- 
tained cells from both the top and bottom of the pellet. Serial sections were 
cut using a Reichert-Jung ultramicrotome and mounted on carbon/formvar- 
coated slot grids. The average section thickness was 30 nm (coefficient of 
error: 7%). Sections were stained for 15 min with a 3% (wt/vol) solution 
of uranyl acetate and for 5 min with a solution of lead citrate according to 
the method of Reynolds (1963) and viewed at 60 kV in a Jeol 1200 EX elec- 
tron microscope. 

Morphological Characterization of Broken and 
Intact Cells 
BSA conjugated to 6-rim gold particles (BSA-gold) was dialysed against 
KSHM and 1 vol was then incubated with 1 vol of  broken cells at 0°C for 
5 min. BSA-gold was prepared according to the method cited in Roth (1983) 
and was a gift from Dawn Wood (Biochemistry Department, University of 
Dundee, Scotland). The ceils were fixed, postfixed, and processed as de- 
scribed above. 

When viewed in the electron microscope dark cells did not contain gold 
and were therefore classified as intact. Cells with a light appearance always 
contained gold particles and were therefore classified as broken. However, 
they did not always exhibit holes in the profiles examined. Intact and broken 
cells were identified in all subsequent experiments according to the appear- 
ance of the cytoplasm. 

Morphological Quantitation 

The numbers of labeled coated pits and coated vesicles per nucleus in 
broken cells were obtained using the stereological principle called the "dis- 
ector" (Sterio, 1984). Particles are counted if they are sampled by a two- 
dimensional unbiased sampling frame and do not intersect a parallel "look- 
up" plane with a known separation from the first plane. The number ( Q - )  
of particles that have disappeared in the look-up gives an estimate of the 
total number of particles (N) inside the reference space (the pellet in our 
case). By dividing the estimate of the number of coated pits and vesicles 
(n) in the reference space by the same estimate for nuclei (N), we were able 
to calculate the numbers of coated structures per nucleus using the following 
formula: 

n/N = F_z 1 -  × V(dis ) /~Q-  x v(dis), (1) 

where ~:q- refers to the disectors for coated pits, coated vesicles, and 
uncoated structures; E Q -  refers to the nuclei disectors; v(dis) is the volume 
of the disector used to count coated and uncoated structures; and V(dis) is 
the volume of the disector used to count nuclei. In Eq. l, 

V(dis) = A × K x T, (2) 

where A is the surface of the sampling frame, K is the number of sections 
between the first plane and the look-up, and T is the section thickness. If 
both estimates are obtained from the same stack of serial sections, the num- 
bers of coated structures per nucleus are given by the following formula: 

n/N = F,q- x A x K / ~ Q -  x a × k, (3) 

where A and K refer to nuclei disectors and a and k refer to disectors for 
coated and uncoated structures. T is cancelled in Eq. 3, which means that 
there is no need to measure the section thickness (Gundersen, 1986). 

Disectors To Count  Nuclei. Two sections with an average separation of 
76 sections (corresponding to 2.3 tLm) were sampled from each pellet. The 
first and the last section were used in turn as the look-up. This yields twice 
as much information from the same series of sections. Only nuclei from bro- 
ken cells were counted. Counting was carried out on micrographs taken at 
200x and printed with a three- to fourfold higher magnification. The aver- 
age number of nuclei counted per disector was 25. 

Disectors To Count  Coated Pits, Coated Vesicles, and Uncoated Struc- 
tunes. Four disectors were placed within the stack of sections used to count 
the nuclei. They were placed across the sections systematically with a ran- 
dom start, and were placed on different sets of sections each time. Each dis- 
ector was composed of three consecutive serial sections, the first and third 
sections being used in turn as the look-up. Counting was carded out at the 
electron microscope or using micrographs. In the early experiments, the 
frame on the viewing screen of the electron microscope was used as a sam- 
pling frame and its surface area was 316 #m 2 (real size). In the later experi- 
ments, counting was carded out on micrographs taken at a magnification 
of 3,000 and printed with a further 3.5-fold higher magnification, and the 
sampling frame was chosen to have the same surface area of 316 #m 2. 

Measurement o f  the Degree of  lnvagination of  Coated Pits. A repre- 
sentative sample of the coated pits was measured as described previously 
(Pypaert et al., 1987) except that the ratio of the maximal width of the neck 
to the maximal coat length was used as an index of invagination. These two 
measurements were sometimes measured on different sections through the 
same pit. Coated pits were photographed at 25,000× and printed with a six- 
fold higher magnification before being measured. The coated pits were 
placed in one of three categories as defined in Results. The percentage in 
each category was then used to estimate the total number per nucleus in each 
category. 

Results 

Internalization of Uq-Transferrin in Broken Cells 

n25I-Transferrin was bound at 4°C to A431 cells which were 
then broken by scraping. After warming to allow internaliza- 
tion they were chilled on ice and excess sheep antitransferrin 
antibody was added to bind all of the remaining surface- 
bound transferrin. Internalized transferrin should be pro- 
tected. After removal of unbound antibody, by centrifugation, 
the resuspended cells were treated with excess unlabeled 
transferrin to mask any remaining antibody binding sites. At 
the same time the cells were solubilized with detergent and 
incubated with Staphylococcus aureus cells coated with rab- 
bit anti-sheep antibody. The immune complexes of surface 
transferrin became bound and were removed by centrifuga- 
tion. ~25I-transferrin remaining in the supernatant represent- 
ed the amount internalized during the incubation. 

Examining the transferrin cycle in A431 cells offers a num- 
ber of advantages for these measurements. There are a large 
number (105) of transferrin binding sites on the cell surface 
(Hopkins and Trowbridge, 1983) and most of these are in 
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Figure 1. Endocytos is  o f  t25I-transferrin in intact A431 cells. Near  
conf luent  A431 cells were incubated with ~25I-transferrin and 
warmed  at 31°C for var ious  t imes.  Af te r  quench ing  on  ice, surface  
t25I-transferrin was e i ther  removed us ing  acid or  bound  by anti- 
body. Values are expressed  as the m e a n s  o f  three  separate  experi-  
ments  + SEM,  each pe r fo rmed  in duplicate. 

Smythe et al. Cell-free Formation of  Coated Vesicles 845 



% 
Inacceixllblllty 

25 

20 

15 

10 

5 

0 

• cells 

s Inl l lCl 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

, I i I i I 

2 0  4 0  6 0  

Time (mln)  

Figure 2. Internalization of ~25I-transferrin in broken A431 cells. 
Broken cell preparations were warmed in the presence of ATP at 
31°C for various times. The amount of internalized ~25I-transferrin 
was measured by inaccessibility to immunoprecipitation. The sin- 
gle point represents the signal calculated to be due to the remaining 
intact cells in the preparation. The dotted line represents the per- 
centage t2sI-transferrin inaccessible to antibody in intact and bro- 
ken cells held at 0°C. Values are expressed as the means of three 
separate experiments + SEM, each performed in triplicate. 

coated pits (Hopkins, 1985) which contributes to the rapid 
uptake seen in these cells. They are easily broken by scraping 
without extensive damage to their intracellular organization 
(see Fig. 3 a). In addition transferrin can be iodinated to a 
high specific activity which makes the assay very sensitive. 

To check that inaccessibility to antibody provided an ac- 
curate measure of internalization, intact A431 cells were 
used to compare this method with the standard acid-washing 
procedure (Hopkins and Trowbridge, 1983) for the removal 
of cell surface ligand. Fig. 1 shows that both methods gave 
very similar results. Internalization was rapid, peaking at 
5-10 min, followed by a drop in intracellular transferrin pre- 
viously shown to represent recycling to the plasma mem - 
brane (Hopkins and Trowbridge, 1983; Ciechanover et al., 
1983). 

Internalization in broken cells was then measured in the 
presence of ATP (Fig. 2) and the rate was found to be similar 
to that in intact cells. The peak occurred slightly later, at 20 
min, and the fall was not as dramatic suggesting that recy- 
cling might not be occurring in this system. At the peak, 
~15 % of the transferrin became inaccessible compared with 
just under 40% in intact cells (cf. Figs. 1 and 2). 

The assay cannot discriminate between broken and intact 
cells so it was important to show that most of the cells were 
broken by scraping in each experiment. The extent of cell 
breakage, as measured by the release of the cytosolic marker 
lactic dehydrogenase, was in all cases >90 %. Even allowing 

for the possibility that the remaining intact cells function as 
well in the assay as do intact cells in the monolayer (Fig. 1), 
their contribution to the observed internalization cannot ac- 
count for the size of the signal seen (Fig. 2). 

An estimate of the number of broken cells was also ob- 
tained by examining their appearance by electron micros- 
copy (Fig. 3 a). In a separate series of experiments using 
BSA-gold (see Materials and Methods) it was shown that 
cells with a dark appearance were intact whereas those with 
a light appearance were broken. Using this criterion, <10% 
of the cells remained intact after scraping. To eliminate the 
possibility that resealing of the broken cell membranes oc- 
curred during the course of the assay, cells were warmed to 
37°C for 15 min, chilled for 5 min, and then incubated with 
BSA-gold. All of the cells classified by their appearance as 
open were labeled with BSA-gold (Fig. 3 c) showing that they 
had not resealed during the course of the incubation. The 
same result was obtained with samples kept at 0°C (Fig. 3 
b). Resealed cells were not therefore contributing to the sig- 
nal observed. 

A number of other controls were carried out (Table I). Ad- 
dition of t2q-transferrin to broken cells to which unlabeled 
transferrin had been prebound gave only 12 % of the normal 
signal showing that the assay measures a receptor-mediated 
event. Addition of detergent at the same time as the an- 
titransferin antibody also abolished the signal showing that 
the inaccessible transferrin is within a detergent-sensitive 
space likely to be a vesicle. The inaccessible transferrin was 
also not simply transferrin that had undergone a conforma- 
tional change such that it no longer bound antibody. Addition 
of more antibody and coated Staphylococcus aureus cells 
abolished the signal. Finally both Staphylococcus aureus 
cells and antibody were responsible for the separation of two 

Table L Validation o f  the Assay 

Protected 
Condition '25I-transferfin 

Control 
Cells pretreated with excess transferrin before 

adding t25I-transferdn 
Triton X-100 added at same time as antibody 
~25I-Transferfin in supernatant treated with more 

antibody and Staphylococcus aureus cells 
Staphylococcus aureus cells omitted 
Sheep anti-transferrin antibody omitted 

% of control 

100.0 + 5.3 

12.4 + 1.4 

8.7 + 3.3 

2.1 + 0 . 2  
900.0 + 5.9 
925.0 + 3.3 

Scraped cells were incubated for 15 min at 3I°C and treated as indicated. The 
numbers are expressed as a percentage of the amount of '25I-transferrin pro- 
tected in a control assay. Values represent the mean + SEM for three experi- 
ments, each of which was carried out in duplicate. 

Figure 3. Electron microscopy of scraped A431 cells. (a) Unlabeled; (b and c) BSA-gold; (d-f) transferrin-HRP. (a) Low magnification 
view of A431 cells fixed immediately after scraping. The contrast was enhanced by staining with tannic acid before dehydration (Pypaert 
et al., 1987). The arrowheads point to portions of a cell from which the plasma membrane has been removed. Note the presence of an 
intact cell (I) showing darker cytoplasm. (b) Broken cell incubated with BSA-gold (6-nm particles) at 0°C. (c) Broken cell incubated with 
BSA-gold after incubation at 37°C for 15 min. G, Golgi stack; M, mitochondrion. (d) Example of a shallow coated pit labeled with 
transferrin-HRP. (e) Deeply invaginated labeled coated pit with a neck diameter equal to one-fifth of the coat length. (f)  Unclassified labeled 
coated pit. A connection to the plasma membrane can be seen (arrowhead) although the two membrane bilayers of the neck are not clearly 
defined. Bars: (a) 2/zm; (b and c) 200 nm; (d-f) 100 nm. 
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Figure 4. Time course of invagination of coated pits in broken cells. 
Cells, labeled with transferrin-HRP at the surface, were scraped 
and incubated at 0 or 37°C for varying times. The number of labeled 
coated pits in each category was estimated. Values are expressed 
as the mean of three separate experiments + SEM. D, shallow 
coated pits; [], deeply invaginated coated pits; m, unclassified 
coated pits. 

populations of transferrin. In the absence of one or the other 
almost all of the ~:5I-transferrin remained in the super- 
natant. 

Internalization of  Transferrin-HRP in Broken Cells 

Invagination of coated pits was first examined in broken cells 
warmed for varying times. Cells were incubated with trans- 

ferrin-HRP (4/zg/ml) before scraping and then processed for 
electron microscopy. Broken cells were identified by the light 
appearance of their cytoplasm (see Materials and Methods). 
Between 80 and 90 % of the coated pits were labeled and, un- 
less otherwise stated, the results refer only to labeled struc- 
tures. The number of coated pits was estimated from serial 
sections using the disector method which samples particles 
with equal probability irrespective of size. This is important 
in the case of coated pits because their sizes vary with invagi- 
nation and, if counted on single sections, the estimates could 
be biased towards less invaginated pits that have a greater 
chance of being sampled. This method also allows the esti- 
mate of the number of pits and vesicles per cell to be obtained 
without the need to section entire cells. The results are ex- 
pressed as number/nucleus which is equivalent to the num- 
ber/cell assuming that each cell has only one nucleus. 

Coated pits were placed in one of three categories: (a) 
shallow, (b) deeply invaginated, and (c) unclassified. The 
profiles of shallow coated pits had neck diameters that were 
greater than one-fifth of the coat length (Fig. 3 d). The 
deeply invaginated coated pits (Fig. 3 e) had neck diameters 
equal to or less than one-fifth of the coat length. Unclassified 
pits had necks that could not be measured because the two 
membrane bilayers were not clearly discernible (Fig. 3 f ) .  
However, qualitative examination showed that most were 
deeply invaginated pits rather than shallow ones. 

The results are presented in Fig. 4. The number of shallow 
pits fell by 72 % in just 5 min and remained low for the rest 
of the incubation. This fall was matched by a corresponding 

Figure 5. Series showing labeled coated vesicles. Series of six consecutive sections (a-f) showing labeled coated vesicles formed in a broken 
cell after incubation at 37°C for 10 min. Two new vesicles (arrows) appear in b, one of which is still present in e but neither are in f. 
The two vesicles in a (small arrowheads) are disappearing in b. A fifth vesicle (large arrowhead) appears in d and is present in the next 
two sections. The vesicles are close to two mitochondria (M), which show a dilated intermembrane space, as seen at low magnification. 
Bar, 100 nm. 
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Figure 6. Appearance of labeled coated vesicles and uncoated struc- 
tures in broken cells. Cells, labeled with transferrin-HRP at the sur- 
face, were scraped and incubated at 0 or 37°C for varying times. 
The number of labeled coated vesicles and uncoated structures was 
estimated. Values are expressed as the mean of three separate ex- 
periments :t: SEM. u, coated vesicles; ia, uncoated structures. 

rise in the number of deeply invaginated and unclassified 
pits. Invagination did not occur at 0°C over the 15-rain 
period. 

In the same experiment the scission of coated pits to form 
coated vesicles was examined. Coated vesicles were defined 
as coated structures with no visible connection to the plasma 
membrane in serial sections (Fig. 5). Given the section 
thickness (30 nm) compared to the thickness of two adjacent 
bilayers (15 nm) the chance of missing a neck was small. The 
results, shown in Fig. 6, demonstrate the rapid formation of 
coated vesicles in broken cells. At zero time there were no 
coated vesicles containing transferrin-HRP, whereas at 5 min, 
there were "-,250 per nucleus, a number which increased 
slightly during the succeeding 10 min. Over the same time 
period there was an increase in the number of labeled un- 
coated structures. These appeared as uncoated vesicles and 
tubules which may represent endosomes, the next stage on 
the endocytic pathway. Essentially no coated vesicles nor un- 
coated structures were formed at 0°C at least over the 15-rain 
time period. 

Comparison of  Endocytosis in Intact and Broken Cells 

Endocytosis is very sensitive to temperature (Marsh et al., 
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Figure 8. pH dependence. Cells were scraped into KSM adjusted 
to different pH values with Mes (pH 6.0-6.8), Mops (pH 6.8-7.7), 
or Hepes (pH 7.4-8.0). They were incubated at 31°C for 15 min and 
the extent of internalization measured. Values are expressed as the 
mean of three experiments + SEM, each performed in duplicate. 
#, Mes; D, Mops; e, Hepes. 

1983) and, as shown in Fig. 7, intact A431 cells do not inter- 
nalize transfen-in <10°C. Above this temperature the rate 
doubles every 5-10°C. Broken cells gave very similar results 
(Fig. 7). 

Internalization in broken cells was also sensitive to 
changes in pH (Fig. 8) with peak internalization at pH 7.4, 
close to the physiological pH (see Hesketh et al., 1985). The 
decrease observed below pH 7.4 compares well with the 
known inhibition of endocytosis in intact cells (Sandvig et 
al., 1987). 

Cycloheximide, chloroquine, monensin, cytochalasin B, 
and nocodazole do not affect endocytosis in intact cells (An- 
derson et al., 1982; Marsh and Helenius, 1980; Helenius et 
al., 1980). These drugs were also found to have no effect on 
internalization in broken cells measured after 10 min at 31°C 
(data not shown). 

ATP Dependence of  Internalization 

Endocytosis is known to be affected by energy inhibitors in 
intact cells (Marsh and Helenius, 1980; Dautry-Varsat et al., 
1983) so broken A431 cells were incubated in the presence 
or absence of ATE As shown in Fig. 9, the time course was 
the same but the signal in the presence of ATP was almost 
double. In the absence of ATP the signal was greater than that 
which could be accounted for by the intact cells in the prepa- 
ration. 
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Figure 7. Temperature dependence. Intact (A) and broken (B) cells, both with bound t25I-transferrin, were incubated at various tempera- 
tures for 5 min. The extent of internalization was measured in both cases and the results adjusted to account for differences in cell number. 
Internalization is expressed as a percentage of '25I-transferrin present at zero time. Values are expressed as the means of three experiments 
5: SEM, each performed in triplicate. A, intact cells; B, scraped cells. 
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Figure 9. ATP dependence. Broken cells were incubated at 31°C for 
varying times in the presence of an ATP-regenerating or ATP- 
depleting system and the extent of internalization measured. Values 
are expressed as the means of three separate experiments + SEM, 
each performed in duplicate. 

Nonhydrolyzable analogues of ATP added in the presence 
of ATP inhibited internalization (Fig. 10). This shows that 
ATP hydrolysis is required. 

Requirement for Cytosol 

Broken cells were pelleted and resuspended in either buffer 
or cytosol, in the presence or absence of ATP, and the 
amount of inaccessible 125I-transferrin was measured after 
15 min at 31°C. As shown in Fig. 11, both ATP and cytosol 
were needed for maximal internalization though the percent- 
age inaccessibility was slightly lower than that in the original 
broken cells. This was probably because of damage caused 
by the washing and centrifugation procedures. In the absence 
of either ATP or cytosol, internalization was lower but still 
significant whereas in the absence of both components the 
signal was no greater than that which could be accounted for 
by the intact cells in the preparation. The absence of a signal 
in this latter case was not simply due to irreparable damage 
to the broken and washed cells because subsequent addition 
of both components restored internalization to near normal 
levels (data not shown). 

A parallel morphological study was carried out using 
transferrin-HRP. The number of labeled coated pits, coated 
vesicles, and uncoated structures was counted as was the 
number of unlabeled coated pits. Table II shows the results 
of two experiments both of which show a two- to threefold 
increase in the number of coated pits in the presence of added 
cytosol and ATP but only after wanning to 31°C. This in- 
crease was significantly different from most of the other in- 
cubations. The numbers of coated pits in the absence of ATP 
or cytosol or both were approximately the same and not 
significantly different from each other. 

The formation of labeled coated vesicles and uncoated 
structures was only observed in the presence of both ATP 
and cytosol and after warming to 31°C (Table II). 

The invagination of labeled coated pits was not dependent 
on the presence of ATP or cytosol. As shown in Fig. 12 the 
number of shallow pits in each incubation decreased after 
warming at 31°C with a concomitant increase in the number 
of deeply invaginated pits and unclassified pits. At 0°C in- 
vagination did not occur. 

Discussion 

The formation of coated pits, their invagination, and subse- 
quent scission to form coated vesicles are three of the early 
steps in the pathway of receptor-mediated endocytosis. We 
have demonstrated each of these in broken A431 cells using 
a combination of biochemical and morphological tech- 
niques. The biochemical technique measured the loss of ac- 
cessibility of internalized t25I-transferrin to antibody. The 
morphological technique used transferrin-HRP to label the 
different intermediates and their numbers were counted 
using the disector method. 

The evidence that endocytosis was occurring can be sum- 
marized as follows. First, the kinetics of internalization of 
~25I-transferrin were very similar in broken and intact cells 
(Figs. 1 and 2). The initial rate was rapid in both cases rising 
sharply up to 5 min. The only significant differences were 
that peak internalization occurred slightly later in broken 
cells and recycling was either reduced or absent. Second, en- 

Figure 10. Effect of ATP analogues. Broken A431 
cells were incubated with either an ATP-regen- 
erating system; an ATP-depleting system; 1 mM 
ATP; 1 mM ATP/1 mM AMP-PNP; or 1 mM 
ATP/1 mM ATP'yS. The amount of internalization 
was measured after 15 min at 31°C. Values are ex- 
pressed as the means of three separate experiments 
+ SEM, each performed in triplicate. 
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Table II. Effect of  Added ATP and Cytosol on the Numbers of  Endocytic Intermediates in Broken Cells 

Number per nucleus 

31°C 0oc 

+ cytosol/ + cytosol/ - cytosol/ - cytosol/ + cytosol/ + cytosol/ - cytosol/ - cytosol/ 
+ ATP - ATP + ATP - ATP + ATP - ATP + ATP - ATP 

Experiment 1 
Labeled coated pits 1663 + 632 698 + 295 602 + 227 370 + 53* 600 + 201 592 + 234 581 -t- 171" 416 + 168" 
Total coated pits 3067 + 377 1032 + 466* 1381 + 254* 995 + 70* 1489 + 412" 898 + 355* 1191 + 381" 1331 + 97* 
Labeled coated 

vesicles 370 + 176 0~: 0~ 0~ 0* 0* 0~ 0* 
Labeled uncoated 

structures 185 + 71 0* 0* 0* 0~ 0~ 0~ 0* 

Experiment 2 
Labeled coated pits 1418 + 323 385 + 155" 359 + 94* 444 + 286* 576 + 264 574 + 341" 531 + 160" 399 + 190" 
Total coated pits 2954 ___ 671 1504 + 465 887 + 108" 1492 + 467 1290 + 481" 1634 + 1010 1545 + 151 1117 + 306 
Labeled coated 

vesicles 177 + 76 O* 0~: 0~: O* O* 0~: O* 
Labeled uncoated 

structures 59 + 34 0~ 0~ 0* 0* 0~ 0~ 0* 

Labeling efficiency was 40-50%. Values are the mean of estimates from four disectors + SEM. The Mann-Whitney U test (Siegel, 1956) was used to compare 
the number of coated pits counted at 31 °C in the presence of ATP and cytosol with the numbers counted under any of the other conditions. 
* Comparisons carried out where p < 0.05. 
:~ No coated vesicles observed. 

docytosis  in broken cel ls  was dependent  on temperature  with 
little internal izat ion below 10°C, as was the case for intact 
cells  (Fig. 7). Third ,  endocytosis  in broken cells  was opt imal  
at physiological  pH.  The  decreased act ivi ty  below this pH  
is in agreement  with the known sensit ivity o f  endocytosis  in 
intact cells  (Sandvig et a l . ,  1987). We know of  no s tudy  that 
examines  the effect of  elevated pH  in intact cel ls  but  f rom our  
results we would  predict  that endocytosis  would  be  inhibited. 
Fourth,  the morpho log ica l  studies show that internalizat ion 
in broken cells  progressed through those intermediates  seen 
in intact cells. On  wanning ,  there was a dramatic  reduct ion 
in the number  o f  shal low pits which  was accompanied  by an 
increase in the number  o f  deeply  invaginated pits and by the 
appearance  of  labeled coated vesicles.  There  was also an in- 

crease  in the number  of  uncoated structures that might  repre-  
sent del ivery o f  t ransfer r in-HRP to the next compar tment  on 
the endocytic  pathway, endosomes.  It is also worth noting 
that there was no significant loss o f  labeled structures over  
the t ime course  o f  the experiments .  The  total number  of  
coated pits and vesicles,  after warming,  differed little f rom 
that at zero  time. This  not  only suggests that one  intermediate  
is being conver ted into another  but,  since the broken cells  
were  washed during the exper iment ,  shows that the inter- 

Figure 11. Cytosol dependence. After dilution and centrifugation to 
remove cytosol, broken cells were incubated for 15 min at 31°C with 
either ATP and added cytosol; an ATP-depleting system and added 
cytosol; ATP and KSHM buffer; or an ATP-depleting system and 
KSHM buffer. The internalization of nsI-transferrin was mea- 
sured. Values are expressed as the means of three experiments + 
SEM, each performed in triplicate. 

Figure 12. ATP and cytosol dependence. After dilution and cen- 
trifugation to remove cytosol, broken cells with bound transferrin- 
HRP were incubated at 0 or 31"C for 15 min with either ATP and 
added cytosol; an ATP-depleting system and added cytosol; ATP 
and KSHM buffer; or an ATP-depleting system and KSHM buffer. 
The percentage of coated pits in each of the three categories was 
estimated. Values are from one experiment (Experiment 1 in Table 
II). m, shadow coated pits; ~, deeply invaginated coated pits; II, 
unclassified coated pits. 
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mediates were not free to leave the cytoplasm despite the ab- 
sence of large parts of the plasma membrane. Although this 
might be artifactual it could be that some intermediates of 
the endocytic process are associated with the cytoskeleton of 
the cell and this association is important for some aspects 
of the process. In this context it is worth noting that extensive 
homogenization of the cells significantly reduces the signal 
obtained over the scraping procedure (data not shown). 

By manipulating the levels of ATP and cytosol it has also 
proved possible to identify early intermediates and to define 
the broad requirements for the steps that link them. Invagina- 
tion of shallow coated pits to form deeply invaginated ones 
was found to occur at the same rate and with the same 
efficiency after removal of both cytosol and ATP (Fig. 12). 
We cannot eliminate the possibility that residual cytosol or 
bound nucleotides are required for the invagination process. 
However >99% of the cytosol was removed in these experi- 
ments so the cells were exposed to much reduced concentra- 
tions of cytosol. 

New coated pits appeared when both ATP and cytosol 
were added to the washed, broken cells. The increase was 
two- to threefold (Table II) and was not simply the conse- 
quence of redistributing the existing coat components 
amongst more coated pits because the average size of the coat 
profiles was not changed (data not shown). The coat compo- 
nents could have come from bound coat units too small to 
see by electron microscopy but this would mean that 50-70 % 
of the coat would exist at any one time outside the coated pit. 
There is no evidence for this and it is far more likely that the 
coat components are coming from the added cytosol. Since 
new coated pits appear it is simplest to think that the coat 
components are binding to the plasma membrane and then 
find each other by lateral diffusion forming a new coated pit. 
However neither of these processes requires energy or is sen- 
sitive to temperature as borne out by the in vitro studies of 
Moore etal. (1987) yet the appearance of new coated pits re- 
quires exogenous ATP and warming (Table II). The role of 
ATP may be to do with the nucleation process but more ex- 
periments will be needed to show this. All that can be said 
at the moment is that the appearance of a new coated pit and 
its invagination are distinct, the former but not the latter re- 
quiting ATP. 

Perhaps the most striking result to emerge from these 
studies is the requirement for both ATP and cytosol for 
coated vesicle formation because, in the absence of one or 
both of these components, it is only deeply invaginated 
coated pits that are formed (Table II). This argues that the 
scission process is the consequence of an enzymic reaction, 
perhaps the action ofa  scission ATPase. There is one earlier 
report that such an enzyme might exist. Kosaka and Ikeda 
(1983) showed that scission is inhibited in the temperature 
sensitive shibire mutant of Drosophila melanogaster. At the 
nonpermissive temperature the mutant accumulated coated 
pits and there was a sharp decrease in the number of coated 
vesicles formed at least by qualitative observation. Our sys- 
tem opens up the possibility of characterizing the molecular 
basis of this process. 

The biochemical assay of internalization has been shown 
to be efficient with a maximal uptake of t25I-transferrin of 
10-20% as compared with 40-50% in intact cells (Figs. 1 
and 2). Furthermore the time course of internalization using 
transferrin-HRP (Fig. 4 and 6) shows that a minimum of 

20-30% of the labeled pits become internalized, assuming 
that one labeled coated vesicle gives rise to one labeled un- 
coated structure. This is similar to the biochemical results 
and suggests that the biochemical assay, under these condi- 
tions, is measuring coated vesicle formation. However, an 
apparent anomaly is that in the absence of either ATP or 
cytosol, inaccessibility of usI-transferrin is significant (Fig. 
11) yet no vesicles are formed (Table II). One possibility is 
that before scission occurs a deeply invaginated pit is 
formed, the neck of which is too narrow to admit antibody. 
Normally this would represent a transient intermediate but 
under conditions where scission is inhibited it will accumu- 
late and will be detected biochemically. Experiments to test 
this hypothesis are being carried out. 

Coated vesicle formation in broken cells appears to be rel- 
atively slow (,060 per min) compared with the rapid rate 
(',~2,000 per min) demonstrated in intact cells (Marsh and 
Helenius, 1980). In contrast invagination appears to be very 
fast with 72 % of the shallow pits becoming deeply invagi- 
nated after 5 min. The efficiency of coated vesicle formation 
is also low with only 20-30% of the labeled coated pits form- 
ing coated vesicles or uncoated structures (Fig. 6 and Table 
II). The concentration of cytosol used in the cytosol depen- 
dence experiments was 10-fold greater than that which was 
present for the time course experiments yet there was no ap- 
parent increase in efficiency. Perhaps some membrane bound 
component(s), required for scission, may be limiting in bro- 
ken cells. Fig. 6 also shows that the numbers of labeled 
coated vesicles and uncoated structures do not change sub- 
stantially between 5 and 15 min incubation at 37°C. This sug- 
gests that the processes of uncoating and delivery to endo- 
somes which occur rapidly in vivo (Helenius et al., 1983) 
are inhibited in this system. 

Finally, it is worth emphasizing the importance of combin- 
ing biochemical and morphological techniques when study- 
ing complex cellular processes such as endocytosis. Bio- 
chemical assays are rapid and can be used to screen different 
ligands and environments for their effect on the process of 
interest, in this case the endocytosis of transferrin. Eventu- 
ally they should allow isolation and characterization of the 
molecules involved. Qualitative and quantitative microscopy 
show what the assays are measuring and allow intermediates, 
generated by biochemical manipulation, to be identified and 
studied. Together these techniques will give considerable in- 
sight into the molecules needed in the endocytic process and 
the role played by them. 
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