










Figure 6. Visualization of stripped ves- 
icles. Stripped coated vesicles were 
prepared with 0.5 M Tris, pH 7.5, as 
described in Materials and Methods. 
Samples were negatively stained with 
1.5% uranyl acetate. In b, note that 
each vesicle retains a few partially 
disengaged clathrin trimers. Bars: 
(a) 250 nm; (b) 100 nm. 

same samples was seen to migrate with a mobility character- 
istic ofa dimer or ofa tfR-tf complex (Fig. 5 h). The propor- 
tion of tfR in the two pools varied between preparations of 
coated vesicles; compare Fig. 5, b and c. In addition, a vari- 
ably small amount of tfR migrated with intermediate mobil- 
ity; this is clearly seen in Fig. 5 d. Changes in detergent con- 
centration did not perceptibly alter the distribution of fiR. 
Triton X-100 was used between 0.05 and I%; CHAPS be- 
tween 8 and 15 mM; n-octyl glucopyranoside between 1 and 

2 %. Similar species were obtained when the intact cages 
were removed from the solubilized sample by airfuge cen- 
trifugation before gel filtration, showing that the large appar- 
ent molecular mass was not dependent upon interaction with 
the intact cage structure (not shown). Only a small fraction 
(<10%) of the tf comigrates during gel filtration with the 
large molecular mass complexes, while the rest appears as 
monomeric tf or bound to dimeric tfR (not shown). 

Gel filtration fractions containing the high mobility form 
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of solubilized tfR were incubated with an immune-affinity 
matrix containing OKT9 as described in Materials and 
Methods. After washing, the matrix was eluted with SDS, 
and this sample was analyzed by SDS-PAGE and silver- 
staining. No species was detectible except tfR (not shown). 
We performed immunoprecipitations from detergent lysates 
using rabbit antisera against clathrin, the 100-120-kD pro- 
teins, and fiR. The first and second antigens, but not the 
third, coprecipitated under a wide range of conditions (not 
shown). We have also tried exhaustively to cross-link the cy- 
toplasmic domains of tfR in intact coated vesicles, using a 
variety of membrane-impermeant reagents, without obtain- 
ing clear evidence for their interaction with specific proteins 
(not shown), ttR cannot be solubilized from vesicles which 
have been heavily cross-linked (not shown). Cross-linking of 
intact coated vesicles with SAND shifted the apparent mass 
of tfR after solubilization in Triton X-100 in favor of the 
larger species (Fig. 5 e). This, however, may be due to en- 
trapment after cross-linking. 

The apparent self-association of tfR derived from a coated 
vesicle fraction does not appear to arise from spontaneous 
aggregation of receptors in detergent solution. Under our 
conditions for solubilizing coated vesicles in Triton X-100, 
purified tfR migrates as a monodisperse dimer with a small 
amount of putative tetramer (Turkewitz et al., 1988a). Nei- 
ther did tfR-tf complexes, under the same conditions, show 
any tendency to aggregate (Fig. 5 h). The same result was 
obtained for the tfR-tf complex in CHAPS (not shown). Ad- 
dition of exogenous tf to the coated vesicle lysates before gel 
filtration had no discernible effect on the large molecular 
mass complexes (not shown). To rule out further the possi- 
bility of nonspecific aggregation, we prepared a crude mem- 
brane fraction from placenta in a manner designed to deplete 
coated vesicles. SDS-PAGE and silver staining showed no 
detectible clathrin (not shown), but tfR could be visualized 
by antibody hybridization in a detergent extract of this frac- 
tion, and gel filtration in CHAPS indicated no aggregation 
and only the dimeric form (Fig. 5 f ) .  This result was identi- 
cal in Triton X-100. This experiment was repeated with such 
a membrane fraction that was allowed to sit for 1 wk before 
solubilization, to see whether aggregates developed with 
time, and the same result was obtained (not shown). 

We have tested the ability of a number of conditions, 
known to affect cage stability, to influence the large molecu- 
lar mass tfR complexes. The complexes are not covalent, as 
demonstrated by their dissociation when analyzed by SDS- 
PAGE under reducing or nonreducing conditions. A number 
of agents have been described for removing the clathrin coat 
and other proteins from intact coated vesicles (reviewed in 
Keen, 1985). We have used several of these, including 0.5 M 
Tris, pH 7.5; 0.5 M NaSCN 50 mM Hepes, pH 7.0; and 15 
mM Hepes, pH 8.0, 0.2 mM EDTA. The resulting uncoated 
vesicles appeared intact by EM, and a small quantity of pro- 
tein was visible at the vesicle periphery (Fig. 6 a). In particu- 
lar, all vesicles had a corona of partially disengaged clathrin 
trimers (Fig. 6 b). SDS-PAGE analysis showed that while a 
small fraction of the original clathrin and other cage proteins 
remained with the vesicles, the tfR content was unaffected 
(not shown). When such vesicles were solubilized in deter- 
gent, the tfR still appeared to be associated in large com- 
plexes, though somewhat more disperse than those derived 
from untreated vesicles (Fig. 5 g). Further dispersal occurred 

at higher NaSCN concentration, but no condition was found 
which completely dissociated the tfR assemblies. 

Discussion 

The results presented here suggest that a subpopulation of 
placental coated vesicles are enriched in tfR, and that the 
receptor is self-associated within the vesicles. Our estimate 
of one tfR dimer per coated vesicle is likely to be a minimum 
based on the following considerations. Empty coats (i.e., 
protein coats without an enclosed vesicle) are a frequent con- 
taminant of coated vesicle preparations (Crowther et al., 
1976). We have not tried to quantify their presence in our 
preparation, knowing of no simple and unambiguous way of 
doing so, but some coats, particularly the smaller ones, ap- 
pear empty by EM. Since these empty coats retain a substan- 
tial fraction of the protein content of an intact coated vesicle, 
their presence leads to overestimation of the number of ves- 
icles and hence underestimation of tfR occupancy. More im- 
portantly, coated vesicles from trophoblasts are probably de- 
rived from multiple intracellular sources with an uneven 
distribution of tfR. The coated vesicles also contain a more 
variable amount of tf. Our quantitation suggests that the vesi- 
cles contain insufficient tf to occupy fully the available 
receptors. 

Our inability to detect other proteins associated with tfR 
in coated vesicles presents a paradox, since selection of 
specific proteins for inclusion in coated pits would seem to 
imply protein recognition and association, tfR does not ap- 
pear to be stably associated with any major or minor coated 
vesicle proteins, which should be detected by immune 
affinity purification of coated vesicle-derived tfR and SDS- 
PAGE/silver staining. This technique might not detect as- 
sociated proteins present in low stoichiometric quantities or 
small polypeptides. We have also attempted to bind some 
component of solubilized coated vesicles to a matrix contain- 
ing concentrated purified tfR, without success (not shown). 
In designing these experiments, we have assumed that the 
protein complement of coated vesicles should reflect that of 
coated pits, since the latter are assembly precursors of the 
former. 

Pearse (1988) has presented evidence for recognition of 
some receptor cytoplasmic domains by the 100-120-kD pro- 
teins. Although no sequence similarities have been noted 
among such cytoplasmic domains, their colocalization to 
coated pits implies the existence of biochemical signals that 
are ultimately recognized by a common structure. 

While the identity of a recognition structure has eluded 
us, we have detected an apparent self-association of tfR de- 
rived from coated vesicles. The tfR assemblies are detected 
after solubilization of the phospholipid vesicle with nonionic 
detergent. We cannot exclude the possibility that the self-as- 
sociation we observe occurs during detergent solubilization, 
because of the uniquely high local protein concentration in 
coated vesicles. We note, however, that the tfR assemblies 
can be isolated with three different detergents and that prepa- 
rations with the same detergents from other cell fractions 
contain only dispersed tfR dimers, tfR assemblies are de- 
tected after the coats themselves are removed by sedimenta- 
tion or disassembly, demonstrating that the high mobility 
does not result from entrapment within intact cages. The 
large apparent Stokes radius of tfR must be reconciled, how- 
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ever, with our observations that tfR can be solubilized from 
an intact cage. In a clathrin icosahedral lattice, the diameter 
of a facet is roughly 32 nm (calculated from Crowther and 
Pearse, 1981), which limits two dimensions of any tfR clus- 
ter. The large gel filtration radius suggests that the third 
dimension is more extended. This may correspond with 
lateral packing of proteins in a membrane, producing a high- 
ly asymmetric complex. Given this consideration, it is diffi- 
cult to assess the number of tfR dimers needed to form a 
complex of the observed size. The difference between solu- 
bilization in Triton X-100 and CHAPS or n-octyl glucopy- 
ranoside suggests that the complexes are partially disrupted 
by the first. Our attempts to characterize the clusters by rate 
zonal centrifugation have been frustrated by their apparent 
instability in sucrose gradients (not shown). 

We have recently shown that the extracellular domain of 
human tfR self-associates reversibly in solution as the result 
of a conformational change at approximately pH 6 (Tur- 
kewitz et al., 1988b). The lumina of coated vesicles are 
thought to acidify rapidly after formation, due to the pres- 
ence of proton-translocating ATPases (Forgac et al., 1983; 
Yamashiro and Maxfield, 1987). The tfR assemblies in 
coated vesicles may therefore be the result of similar self- 
association for the intact protein. This phenomenon cannot 
account for the initial concentration oftfR on the cell surface 
in coated pits. The absence of other proteins in the clusters 
suggests that this self-association is quite specific and poten- 
tially a mechanism for sorting receptors in intracellular com- 
partments after internalization. Work with the soluble ex- 
tracellular domain also showed that its self-association could 
be inhibited by tf binding (Turkewitz et al., 1988b). Consis- 
tent with that result, our experiments indicate that tf in 
coated vesicle preparations is largely or entirely absent from 
the high mobility fractions after solubilization in nonionic 
detergent. Unlike the oligomers formed by the soluble do- 
mains, however, the clusters of intact tfR isolated from 
coated vesicles do not dissociate at neutral pH. 

Interactions between receptors and components of coated 
vesicles are likely to involve recognition of cytoplasmic de- 
terminants. Our inability to detect such interactions suggests 
that they are either transient or unstable after detergent addi- 
tion. Instability may be a consequence of the change in orga- 
nization upon solubilization. Receptors and other vesicle 
components are restricted by the membrane to two dimen- 
sions. In the presence of detergent or after cage disassembly, 
diffusion in a third dimension will decrease effective protein 
concentrations and increase the degrees of freedom of those 
components. Significantly, the relative orientation of mem- 
brane-associated components is no longer fixed. These fac- 
tors would be expected to have strong negative effects on 
protein interactions (Grasberger et al., 1986). Association 
constants that are adequate for recognition between mem- 
brane and membrane-associated proteins may be insufficient 
to maintain those contacts in solution. Unnecessarily ele- 
vated binding constants may be disfavored as limiting the 
flexibility of a biological system in which many association 
and dissociation events are required. 

Since weak interactions are sufficient to retain receptors in 
coated structures, localization can involve less specific con- 
tacts than precise "lock-and-key" complementarity. The ab- 
sence of any obvious concensus among the sequences of 
receptor cytoplasmic domains also suggests that coated pit 

structures may recognize some general characteristic of 
these segments rather than a unique folded surface. Exam- 
ples of such nonspecific qualities would be overall charge 
density or tendency to form an amphipathic helix. A concen- 
tration of negative charges, even in random sequences, has 
been shown to be the essential characteristic for activation 
domains of eukaryotic transcriptional regulatory proteins 
(Hope and Struhl, 1986; Ma and Ptashne, 1987). The quite 
weak interactions are sufficient because the "target" of these 
activation domains are spatially restricted DNA-bound pro- 
teins. Similar considerations may apply to membrane-asso- 
ciated structures. The localization of receptors in coated pits 
might be more analogous to the retention of proteins on an 
ion-exchange chromatography column than to their recogni- 
tion by an antibody combining site. 
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