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Clathrin is a major  component  of  the basket-like 
network of hexagons  and  pentagons  that  forms  the 
“coat” on  the  cytoplasmic  face  of  the  plasma  membrane 
and  the  trans  Golgi  network  during  the  invagination 
of  coated  pits.  Soluble  clathrin is a three-legged struc- 
ture (triskelion) comprising  three  identical  heavy 
chains and  three  different light chains  located  toward 
the  center  of  the triskelion on  the  proximal  segment  of 
the  leg.  All  mammalian  light  chains  contain  a  central 
domain  of 10 heptad  repeats,  which is necessary  for 
the  interaction with heavy  chain.  Because  the  repeats 
are  characteristic of a helical  coiled coils, we proposed 
that  the  central  domain  had  an  extended  conformation 
(Kirchhausen, T., Scarmato, P., and  Harrison, S. C. et 
al. (1987) Science 236,  320-324). However,  an alter- 
native model has  recently  been  proposed (Nathke, I. 
S., Heuser, J., Lupas, A., Stock, J., Turck, C. W., and 
Brodsky, F. M. (1992) Cell 68,899-910). Here, we use 
single-molecule  electron  microscopy of clathrin  deco- 
rated with monoclonal  antibodies  directed  against dif- 
ferent  epitopes on light chains  to  show  that  the  light 
chain  central  domain  has  an  extended  conformation 
and  reaches  along  most  of  the  proximal  segment  of  the 
heavy  chain leg. 

Coated pits  and coated vesicles are organelles responsible 
for certain types of directed membrane and  protein  traffic 
that originates at  the plasma membrane and  in  the  trans 
Golgi network. The protein  clathrin forms the coat  (a scaffold 
of hexagons and  pentagons)  surrounding the membrane in 
coated pits  and coated vesicles. A clathrin molecule is an 
extended, nonplanar  trimer in the shape of a triskelion; its 
three 52-nm legs each contain  a heavy chain  and one of 
several species of light chain  (Kirchhausen  and  Harrison, 
1981; Kirchhausen et al., 1986;  Ungewickell and  Branton, 
1981). The light chains bind tightly ( K d  -109-10”) to a  site 
in the proximal segment of the heavy chain leg (Kirchhausen 
e t  al., 1983; Winkler and  Stanley, 1983;  Ungewickell e t  al., 
1982;  Ungewickell, 1983) but are  not required for the  struc- 
tural integrity of the clathrin “triskelion.” In  the assembled 
lattice, the light chains lie on the cytoplasmic face (Kirchhau- 
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sen et al., 1983; Lisanti et al., 1982; DeLuca Flaherty et al., 
1990). They do not appear to  interact with the  clathrin- 
associated proteins  (Kirchhausen et al., 1989; Lindner  and 
Ungewickell, 1991) nor are  they necessary (in uitro) to regu- 
late the formation of clathrin/AP  coats  (Winkler  and  Stanley, 
1983; Scarmato  and Kirchhausen, 1990). We and  others have 
therefore proposed that light chains  interact with cytosolic 
protein components, and indeed interactions between LCa 
and Hsc70 (a  heat shock protein with in vitro ATP-dependent 
clathrin  lattice depolymerization activity) have been observed 
in uitro (Schmid e t  al., 1984; DeLuca Flaherty e t  al., 1990). 

In mammalian cells, two classes of light chains, LCa and 
LCb, are encoded by different genes that display tissue- 
specific splicing, resulting in proteins of between 211 and 248 
amino acids (Kirchhausen et al., 1987; Jackson et al., 1987; 
Jackson  and  Parham, 1988). Their primary structures  are 
highly related (overall 65% sequence identity)  and  can be 
divided into  three regions. The amino-terminal domain, con- 
taining the first 92-99 amino acids, is the most variable, is 
not required for binding to heavy chain  (Scarmato  and  Kirch- 
hausen, 1990), and is highly acidic. The amino-terminal do- 
mains of LCa and LCb have a  stretch of sequence identity 
between residues Glu-28 and Asp-49 (the convention for 
sequence alignment used here is based on the longest light 
chain, LCal, from rat  brain)  but  are otherwise quite divergent. 

The carboxyl-terminal domain contains between 48 and 78 
amino acids, depending on light chain species, and is located 
within 2 nm of the triskelion vertex (Kirchhausen e t  al., 1983; 
Brodsky et al., 1987). Truncated  rat liver LCb3 has been used 
to show that binding to heavy chain can occur in  the absence 
of the carboxyl-terminal domain. 

The central domain contains 71 amino acids and is clearly 
important in the interaction with heavy chain  (Kirchhausen 
et al., 1987; Brodsky e t  al., 1987). It contains 10 heptad  repeats 
characteristic of CY helical coiled  coil  helices interrupted by a 
“skip” Trp-135 residue located between heptads  5  and  6 
(Kirchhausen e t  al., 1987). We  previously proposed that  the 
heptads form a helical domain, flattened at  the skip residue, 
yielding a rodlike shape -10.5 nm in length (Kirchhausen e t  
al., 1987). Consistent with this, polyclonal antibodies directed 
against light chain epitopes decorate about 16 nm of the 
proximal segment of clathrin heavy chain legs  (Ungewickell, 
1983). However, in a  recent antibody competition study 
(Nathke e t  al., 1992), Brodsky and co-workers found that 
binding of the mouse monoclonal antibody X50,  which  is 
directed against an epitope located between heptads 1 and  3 
(residues 98-122), inhibits the binding of another antibody, 
X45,  which  recognizes an epitope between heptads  6  and  9 
(residues 136-162). Based on these results, Brodsky and CO- 
workers propose that  the light chains fold back between 
heptads  5  and  6 at  the Trp-135 skip residue, so that  the 
central  heptad region of the light chains  extends over only -5 
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Escherichia coli (Scarmato  and Kirchhausen, 1990). We have 
introduced an epitope at  the amino-terminal  ends of the full- 
length LCb3 and a truncated  variant lacking the amino- 
terminal domain, used the recombinant  proteins to reconsti- 
tute  clathrin,  and  then mapped the positions of this epitope. 
Our data show that  the  central domain indeed has  an extended 
conformation and  that  the length of the  central domain makes 
the major contribution to  the length of the whole  molecule. 

FIG. 1. Electron micrographs of complexes formed between 
bovine brain clathrin  trimers and the monoclonal antibodies 
CVCG and LCB.l. CVC.6 is directed against the carboxyl-terminal 
domain of bovine light chains LCal  and LCa3. LCB.l recognizes a 
site a t  the amino  terminus of LCb2 and LCb3.  a-e, selected views 
showing a single point of contact between clathrin legs and  the 
antibody CVC.6. f, schematic representation of the clathrin-CVC.6 
immunocomplex. g-k, selected views showing a single point of contact 
between clathrin legs and  the antibody LCB.l. 1, schematic represen- 
tation of the clathrin-LCB.l  interaction. m-o, selected views showing 
two points of contact between clathrin legs and LCB.l. p-r, selected 
views in which the antibody LCB.l appears to overlap the vertex and 
contact  points cannot be distinguished. Bar = 100 nm. 

TABLE I 
Localization of the binding sites for antibodies CVCS,  LCB.1, and 

75d7 along the proximal leg of the  clathrin  trimer 
Values represent average f S.D. for linear  measurements along the 

leg of a  clathrin  trimer from its vertex to  the binding site of the 
monoclonal antibodies. No significant differences were observed be- 
tween images in which (a)  an antibody  binds to one leg  of the clathrin 
trimer or (b) an  antibody  cross-links two legs of a single clathrin 
trimer. 

Distance of antibody  binding  site from 

heavy chains Antibody 
Clathrin  clathrin vertex 

containing 1 clathrin leg: 
1 mAb (a) 

2 clathrin legs: 
1 mAb (b) 

nm 
Bovine light chains CVCG  2.7 k 2.8 (n  = 23) 

Bovine light chains  LCB.l 10.6 f 3.7 (n  = 39) 13.3 f 4.7 (n  = 20) 

Rat light chain 75d7  13.1 f 5.2 (n = 77) 12.7 f 4.6 (n = 20) 

Rat light chain 75d7 12.2 f 4.4 (n = 56) 11.2 f 3.0 (n = 12) 

LCa and LCb 

LCa and LCb 

colLCb3 

colA92LCb3 

nm of the proximal leg of the heavy chain, and  heptads 1 and 
10 are adjacent to each other. 

To resolve these  apparent contradictions, we have mapped 
the binding of monoclonal antibodies to  the carboxyl and 
amino termini of native brain  clathrin using  electron micros- 
copy. We have been unable to obtain  antibodies to  the  junc- 
tion between the  central  and amino-terminal  domains, and 
we have, therefore, made use of our  earlier  demonstration 
that bovine brain clathrin heavy chains can  be efficiently 
reconstituted with recombinant  light chains generated in 

MATERIALS AND METHODS 

Construction of Plusmids-For the experiments described here, we 
generated by DNA recombinant methods two modified light chains 
derived from rat liver LCb3 (Kirchhausen et al., 1987). One light 
chain construct, colLCb3, corresponds to  the full-length (211 amino 
acids) rat liver clathrin light chain LCb3 plus a 12-amino acid epitope 
tag  (FPEPYVPESGPY) from chicken collagen type XI1 (Sugrue et 
al., 1989) inserted  after Ala-2 of  LCb3. The second modified light 
chain, colA92LCb3, lacks the complete amino-terminal domain be- 
tween residues Glu-3 and Gln-92 but  is otherwise identical to col- 
LCb3. 

The recombinant DNA molecules were generated from the plasmid 
ptZ18/rLCb3 containing the open reading frame of rat liver LCb3 
(Scarmato and Kirchhausen, 1990) by site-directed mutagenesis 
(Kunkel et al., 1987) using a commercial kit  (Bio-Rad). The oligonu- 
cleotides used to generate pTZl8/colLCb3 and pTZ18/colA92LCb3 
were5’GTAGCGCAGGCCGCCGCCACCATGGCTTTTCCAGAGC 
CATATGTACCTGAGTCTGGACCATACGAGGACTTCGGCTTC, 
and 5’GTAGCGCAGGCCGGATCCGCCACCATGGCTTTTCCAG 
AGCCATATGTACCTGAGTCTGGACCATACGCGGACAGGTTG 
A C T  C A G , respectively. The mutagenized light chain  inserts lay 
between the XbaI and Hind111 sites of the pTZ18 polylinker and were 
transferred into  the same restriction  sites of the bacterial secretion 
expression vector pINIII-ompA3/lpp/p-5 (Ghrayeb et al., 1984). The 
DNA sequences of the modified pTZ18/colLCb3 and pTZ18/ 
colA92LCb3 constructs were verified by double-stranded DNA se- 
quencing using the dideoxy chain  termination method (Sanger  et al., 
1977). 

Generation of Cluthrin Reconstituted with  Modified Light Chains- 
The epitope-tagged colLCb3 and colA92LCb3  were expressed in E. 
coli and purified as previously described (Scarmato and Kirchhausen, 
1990) and used to replace the endogenous population of light chains 
present  in bovine brain clathrin.  Clathrin was purified from bovine 
brain coated vesicles (Matsui and Kirchhausen, 1990; Kirchhausen 
and Harrison, 1984), stripped of its light chains using the KSCN 
method (Winkler and Stanley, 1983; Scarmato and Kirchhausen, 
1990), and reconstituted with modified light chain by incubation with 
colLCb3 or colA92LCb3 (Scarmato and Kirchhausen, 1990). Effi- 
ciency of light chain replacement was monitored by SDS-polyacryl- 
amide gel electrophoresis analysis and Coomassie Blue staining of 
protein bands. 

Cage Assembly-Clathrin cages were assembled from solutions 
containing soluble clathrin  trimers (-0.5 mg/ml) by overnight dialysis 
a t  room temperature  against assembly buffer (10 mM NaMES,’ pH 
6.2, 2 mM CaCI,, 0.5 mM dithiothreitol, 0.02% NaNJ (Kirchhausen 
and Harrison, 1981; Kirchhausen and Harrison, 1984). The three 
types of clathrin samples used to form cages  were bovine heavy chain 
clathrin, bovine heavy chain clathrin  reconstituted with rat colLCb3, 
and bovine heavy chain clathrin reconstituted with rat colA92LCb3. 
Cages were separated from soluble clathrin by high  speed centrifu- 
gation (Beckman Airfuge,  30  p.s.i.g. for 5 min at room temperature) 
and resuspended in assembly buffer. Cage assembly was monitored 
by negative staining electron microscopy and showed no differences 
in yield or appearance. 

Zmmunoelectron  Microscopy-Rotary shadowing single molecule 
electron microscopy (Fowler and Erickson, 1979; Kirchhausen et al., 
1983) was  used to identify immunocomplexes formed between clathrin 
and  the mouse monoclonal antibodies 75d7, LCB.l, or CVCG and to 
locate their binding sites along the clathrin leg. Since 75d7  recognizes 
the collagen epitope added to  the light chain, it identifies the amino- 
terminal  ends of colLCb3 and colA92LCb3. LCB.l recognizes an 
epitope between residues 1 and 20  of bovine LCb (Nathke  et al., 1992) 
and therefore identifies the amino terminus of native LCb. CVCG 
recognizes an epitope located near Glu-201 of bovine  LCa (Brodsky 
et al., 1987) and  thus maps close to  the boundary of the carboxyl- 

’ The abbreviation used is: MES, 4-morpholineethanesulfonic acid. 
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FIG. 2. Distribution of antibody binding sites. Histograms show the distance of bound antibodies, grouped in increments of 1 nm, 
from the center of the triskelia for all measurements of  CVCG (a)  or  LCB.l ( b )  bound to bovine brain  clathrin, 75d7 (c) bound to clathrin 
reconstituted with colLCb3, and 75d7 ( d )  bound to clathrin  reconstituted with colA92LCb3. 

a 
qtagcgcogqccgccgccacCatggciiiicCagaqccatatgiacctgagt~tqgaccatacqaggacticggcitclCGlCGTCG . . .  

~ * F P E P Y V P E S G P Y E ~ ~ F G F S S S  ... 
FIG. 3. Schematic representation 

of the amino-terminal portion of re- collagen XII epnop. 
combinant light chains colLCb3 (a) 
and colA92LCb3 ( b )  . b 

CoILCb3 

qtagcgcagqccqqatecgcc~cc~tggctttttccagag~cat~tgtacctgagtct~gaccatacqcggacaggttq~~tcaqGAGCClGAG . . .  
M A F P E P Y V P E S G P Y A , 3 D R L T O E P E  . . .  

terminal domain with the heptad region. CVCG and 75d7  were purified 
as described (Nathke et al., 1992). Purified LCbl was kindly provided 
by Dr. F. Brodsky. To visualize immunocomplexes, we followed the 
method previously used to map the binding site of  CVCG (Kirchhau- 
sen et ai., 1983). Briefly, approximately equimolar amounts of clathrin 
and antibody were  mixed and incubated at  4 "C for 1-2 h at a final 
concentration of  0.5-1.0 mg/ml. 1-2-pl samples were rapidly diluted 
into 50 p l  of ice-chilled 40-45%  glycerol, sprayed onto mica, and 
platinum rotary shadowed at  a 6-8" glancing angle. Pictures were 
taken  at a magnification of 36,000, and selected molecules from 
enlarged prints (-3x) were traced with a camera lucida. Distance 
measurements were performed in  these  tracings with a digitizer tablet. 
The error between measurements of the same  tracing was less than 
5%. 

Formation of clathrin cages and  their aggregation induced by the 
mouse monoclonal antibody 75d7  was  followed using negatively 

collagen XI1 epltop. COlA 92LCb3 

stained specimens (Kirchhausen and Harrison, 1984). 2 p1 of clathrin 
cages assembled from pure heavy chains or  heavy chains  reconstituted 
with colLCb3 or  colA92LCb3  (-0.5 mg/ml) were incubated with 2 pl 
of  CVCG or  75d7 (-0.7 mg/ml) for  30 min at room temperature. 
Samples were then diluted with 3-6 +I of cage assembly buffer and 
negatively stained with 1.5% uranyl acetate.  Granularity in the back- 
ground is mainly due to free antibodies. 

A JEOL 100 CXII  operating at 80 kV was used in all experiments. 
At the end of each visualization session, the magnification of the 
microscope  was calibrated with negatively stained images of T4 phage 
tails (4.1-nm repeat period). 

RESULTS 

Electron Microscopy of Antibody-decorated  Native  Clath- 
rin-To examine how far  the light chains  extend  along  the 
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FIG. 4. Epitope-tagged clathrin 
cages can be aggregated by antibody 
75d7. Negatively stained views of clath- 
rin  cages  assembled from: A, clathrin 
heavy chains in the absence of light 
chains; B and C, clathrin  heavy chains 
reconstituted with  colA92LCb3; D and 
E, clathrin  heavy chains reconstituted 
with  colLCb3. Panels B and D show 
cages in the absence of antibody. Panel 
A shows isolated  cages,  and panels C and 
E show extensive cage  aggregates in the 
presence of antibody  75d7. 

1 

proximal portion of the  clathrin leg when bound to heavy 
chain, we used electron microscopic visualization of two 
monoclonal antibodies, CVCG and LCB.l. The experiments 
described here were performed with immunocomplexes 
formed between these antibodies and native bovine brain 
clathrin containing mostly the light chains  LCal  and LCb2 
together  with  small amounts of the spliced forms  (LCa3 and 
LCb3). The mouse monoclonal CVCG binds to bovine but  not 
rat LCa light chains  and maps to residues 193-214 in  the 
carboxyl-terminal domain near the boundary  with the  central 
region (Brodsky et al., 1987). The monoclonal antibody LCB.l 
recognizes a  light  chain  epitope at  the amino-terminal end of 
bovine LCb between residues 1 and 20 (Nathke et al., 1992). 
Therefore,  in these visualizations, bound  antibody CVCG 
shows the location of the carboxyl-terminal  domain of bovine 
light chain LCa, and antibody LCB.l shows the position of 
the amino-terminal end of bovine light chain LCb. 

We confirm that CVCG binds to a site  near  the  center of 
the  clathrin  trimer (Kirchhausen et al., 1983). This interaction 
is specific, since other  sites of binding  along the  clathrin leg 
were rarely seen. Representative images are shown in Fig. 1, 
a-e. In such images, the monoclonal antibody CVCG displays 
a single, well defined point of contact with the proximal 
segment of the  clathrin leg, 2.7 f 2.8 nm from the vertex (see 
Table I and Fig. 2a). 

We then visualized complexes of LCB.l  with clathrin  and, 
again, using images selected to show a single point of contact 
between the  clathrin leg and  the antibody molecule (Fig. 1, g- 
k), found that LCB.l  binds to a site 10.6 & 3.7 nm from the 
center of the  clathrin  trimer (see Table I and Fig.  2b). In  this 

preparation of brain  clathrin, 74% of triskelia  contain at  least 
two LCb chains  per clathrin (Kirchhausen et aL, 1983). Thus, 
for most triskelia, there  are at  least two potential antibody 
binding sites, and some images (for example, see Fig. 1, rn-o) 
clearly display LCB.l spanning two legs of a single clathrin 
triskelion with binding sites also located 13.3 f 4.7 nm from 
the vertex. In  other images (Fig. l,p-r),  the antibody  appears 
to overlap the vertex, and  the site of interaction cannot be 
determined. These images also probably reflect binding of a 
single antibody to two different LCb light  chains seen from 
an angle at  which the  contacts with the legs cannot be 
distinguished. 

Epitope Tag Electron Microscopy-To determine the posi- 
tion of the  central domain, we have constructed recombinant 
light chain molecules with a 12-amino acid epitope tag (Munro 
and Pelham, 1984) from the noncollagenous portion of colla- 
gen XI1 (Sugrue et al., 1989) added to  the amino terminus of 
a truncation  mutant of LCb3 that lacks the amino-terminal 
domain (colA92LCb3) (Fig. 3a).  This epitope is recognized by 
the monoclonal antibody 75d7 (Sugrue et al., 1989). We also 
constructed  a version of LCb3 in which this epitope is added 
directly to  the amino terminus (colLCb3) (Fig. 3b) to allow 
direct comparison with the native bovine light chains LCb2 
and LCb3 complexed with LCB.l. The recombinant molecules 
are based on the  rat sequence, which is 95% identical to  the 
bovine. 

We replaced the endogenous light  chains of clathrin with 
the recombinant tagged light chains colA92LCb3 or colLCb3. 
At least 95% of the endogenous LCa and LCb light chains 
were removed by treatment with KSCN (Winkler and  Stan- 
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FIG. 5. Electron micrographs of bovine brain clathrin 
heavy chain trimers reconstituted with the epitope-tagged rat 
colA92LCb3 or with  the epitope-tagged rat colLCb3 and dec- 
orated with the monoclonal antibody 75d7. The collagen epitope 
is located at  the  amino  terminus of the  truncated  light  chain  (Gln-92 
of the  full-length  sequence)  or  the  complete  light  chain. a-g, selected 
views displaying a  single point of contact between the  clathrin leg of 
colA92LCb3 and  the  antibody. h, schematic  representation of these 
clathrin colA92LCb3-antibody  complexes. i-rn, selected views dis- 
playing  a  single point of contact between the  clathrin leg of full- 
length colLCb3 and  the  antibody. n, schematic  representation of a 
clathrin  colLCb3-antibody complex. 0-q, images of a single antibody 
cross-linking two clathrin legs with colLCb3. r-t, images in which the 
antibody  seems to overlap  with  the  vertex of clathrin  with colLCB3, 
and  the  contact  point  is  not discernible. Bar = 100 nm. 

ley, 1983) (not  shown), while the heavy chains  remain  intact 
and  able  to assemble into  clathrin cages  (Fig. 4A). The pres- 
ence of the collagen epitope at  the  amino  terminus of 
colA92LCb3 or of LCb3  had  no effect on  the  formation of 
clathrin cages (Fig. 4, B and D). When  antibody 75d7 is  added 
to  clathrin cages containing  epitope-tagged  truncated 
colA92LCB3 or  full-length  colLCB3  light  chain,  extensive 
aggregates  form  (Fig. 4, C and E ) .  Thus,  the  amino-terminal 
domain of the modified light  chain is accessible to  the  cyto- 
plasmic face of the assembled clathrin cage, as  are  natural 
light  chain  determinants  (Kirchhausen et al., 1983; DeLuca 
Flaherty et al., 1990; Lisanti et al., 1982). 

The  position of the  amino-terminal collagen epitope  on  the 
clathrin leg was detected  using  the monoclonal antibody 75d7 
and visualized by electron microscopy. Fig. 5 shows immu- 
nocomplexes with  clathrin  reconstituted  with colA92LCb3 or 
colLCb3. This  interaction is specific to  the  added epitope, 
because the monoclonal antibody 75d7  does not  bind  purified 
heavy chains  (see Fig. 44) nor does it  bind  to  native  clathrin 
(not  shown).  The  position of the  added collagen tag  along  the 
clathrin leg was mapped from  selected  images  unambiguously 
displaying one clear point of contact between the monoclonal 
antibody 75d7 and  the  clathrin  trimer (Fig. 5, a-g and i-m). 
Examples of ambiguous  images are  those  with two apparent 
points of contact between the  antibody  and a single clathrin 
leg or  one in  which the  antibody  is lying  above or below the 
clathrin (Fig. 5, r - t ) .  However,  because the  antibody  has two 
binding  sites  and  since  most  reconstituted  clathrin  trimers 
contain  three  recombinant  light  chains, images in which  a 
single antibody  cross-links two clathrin legs were considered 

a ' " 7  

b 

FIG. 6. Proposed model for the extended conformation and 
domain organization of  light  chains on clathrin trimers. a, 
localization of the  antibody  binding  sites  on  the  light  chains used in 
this  study. b, orientation of a  light chain  on  the  proximal  segment of 
the  clathrin leg. 

valid (Fig. 5, 0-q). Antibody 75d7 binds  to a site 12.2 f 4.4 
nm from the vertex when  clathrin is reconstituted with 
colA92LCb3. Thus,  the  extension of the  light  chain is largely 
determined by the  length of the  central  heptad  domain, which 
is -10 nm,  as  predicted  (Kirchhausen et al., 1987). In  clathrin 
reconstituted with full-length colLCb3, 75d7 binds  to a site 
13.1 f 5.2 nm  from  the  vertex, which is  not significantly 
different from that found with  LCB.l (10.6 f 3.7 nm).  Since 
the  central  domain  accounts for most of the  length of the 
molecule, it  is  probable  that  the  amino-terminal  domain is 
either globular or  extended away  from the heavy chain leg. 
The  distribution of binding  for all three molecules extends  to 
17-20 nm  from  the  center of the  triskelion;  this  is  consistent 
with  the  earlier  studies of Ungewickell using polyclonal anti- 
bodies to  light  chain (Ungewickell,  1983),  which showed an- 
tibody  decoration along the  entire  proximal  segment (17 nm) 
of the heavy chain leg. 

It  has recently  been  argued that because certain  antibodies 
to  the  amino  and carboxyl boundaries of the  heptad region 
(X50  and X45) compete for binding,  the  heptad region may 
fold through 180" at   the skip  tryptophan residue (Trp-135) 
(Nathke et al., 1992). It  is difficult to reconcile this model 
with  the  data  presented here. Since  the  protein  fragments 
originally  used to  map  the  binding  sites of these  antibodies 
are  separated by only 14  amino acids, it  is possible that  the 
epitopes recognized by X45  and X50 are close enough for the 
antibodies  to  compete  despite  the  linear  organization of the 
light  chain. 

The monomeric form of the "uncoating" ATPase (Hsc7O) 
binds  within  the  amino-terminal  domain of light  chain LCa 
(DeLuca  Flaherty et al., 1990), and  electron microscopic data 
show that a trimeric form is positioned at   the underside of 
the  clathrin  vertex  (Heuser  and  Steer, 1989). As pointed out 
by these  authors,  this location remains  to be explained,  since 
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all  known  light  chain  determinants  are located on  the  opposite 
side of the  clathrin  trimer  (data  shown  here  and  in previous 
work) (Kirchhausen et al., 1983; Lisanti et al., 1982; DeLuca 
Flaherty et ai., 1990). 

Since efficient binding of light  chain to heavy chain  requires 
the  carboxyl-terminal  domain  and  the  heptad region, but  not 
the  amino-terminal region (Scarmato  and  Kirchhausen, 
1990),  it is possible that  the  carboxyl-terminal  domain  and at 
least some of the  heptads  bind  tightly  to  precise  sites  on heavy 
chain, while the  amino-terminal  domain does not  contact 
heavy chain.  It  is  interesting  to  note  that  the  distribution of 
positions for antibody  binding  to  the  carboxyl-terminal  epi- 
tope of LCa is quite  narrow,  whereas  those for the  amino- 
terminal  epitopes of native  LCb2  and LCb3,  colLCb3, and of 
the  truncated colA92LCb3 are relatively broad  (see histograms 
in Fig. 2). Thus,  it is possible that  the  broader  distribution of 
amino-terminal  epitopes may  reflect  flexibility in  the  amino- 
terminal  domain. However, it is also possible that  it  is  due to 
inherent  inaccuracies  in  the  measuring  technique, which  may 
be  harder  to  detect  in  an  epitope close to  the  vertex,  since 
part of the  spread may be counted  as  antibodies  binding close 
to the  vertex  on a different leg. 

Since  the  sequences of clathrin  light  chains  are closely 
related  (Kirchhausen et al., 1987; Jackson et al., 1987; Jackson 
and  Parham, 1988) and  the  different  forms of light  chain 
compete for binding  to heavy chain  (Winkler  and  Stanley, 
1983; Scarmato  and  Kirchhausen, 1990; Ungewickell, 1983), 
it  is  reasonable  to believe that  the overall organization of all 
types of light chains  bound  to heavy chain is very similar. 
Our  results show that  the  carboxyl  terminus of LCa, as 
mapped by the  antibody CVCG, is 2.7 nm  from  the  triskelion 
vertex  and  that  the  amino  terminus of LCb,  whether  mapped 
by the  antibody  LCB.l or by epitope tagging, is  approximately 
12 nm  from  the vertex. We  therefore conclude that  the  central 
domain  has a linear  conformation  extending  approximately 
10 nm  along  the  proximal leg of the  clathrin heavy chain, 

consistent  with  our  earlier  prediction  (Kirchhausen, et al. 
1987) that  the  central  domain folds as  an  extended a helix 
(Fig. 6). 
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