
Clathrin Light Chains LCA and LCB Are Similar, 
Polymorphic, and Share Repeated Heptad Motifs 

The clathrin light chains fall into two major classes, LCA and LCB. In an intact 
clathrin triskelion, one light chain, of either class, is bound to the proximal segment of 
a heavy chain leg. Analysis of rat brain and liver complementary DNA clones for LCA 
and LCB shows that the two light chain classes are closely related. There appear to be 
several members of each class having deletions of varying length aligned at the same 
position. A set of ten heptad elements, characteristic of a-helical coiled coils, is a 
striking feature of the central part of each derived amino acid sequence. These 
observations suggest a model in which the a-helical segment mediates binding to 
clathrin heavy chains and the amino- and carboxyl-terminal segments mediate interac- 
tions with other proteins. They also suggest an explanation for the observed tissue- 
dependent size variation for members of each class. 

R ECEPTOR-MEDIATED ENDOCYTOSIS 

occurs by entrapment of specific 
macromolecules in coated pits and 

coated vesicles (1). Clathrin is the main 
structural component of the lattice covering 
the cytoplasmic face of these structures (2- 
4). Assembly of clathrin results in formation 
of the coat, and this process may be the 
driving force that leads to vesiculation. 
Clathrin is a large, soluble protein composed 
of heavy chains with a molecular size of 
- 192 kD, deduced from the sequence of the 
rat complementary DNA (cDNA) heavy 
chain clones (5) and light chains of about 32 
to 38 kD by SDS-polyacrylamide gel elec- 
trophresis (PAGE) ( 2 4 ) .  The unit that 
assembles into coats has three extended legs, 
500 A in length, splayed out in a pinwheel- 

like structure (triskelion). Each of the legs is 
built from a single heavy chain (3, 4), with a 
light chain bound to its proximal segment 
(6-8). The light chains are thought to be 
important for vesicle uncoating (9), and the 
multiplicity of light chain species suggests 
possible other roles in the cycle of coated 
vesicle assembly and disassembly. Two ma- 
jor classes of clathrin light chains, referred to 
as LCA and LCB, have been identified (3,4, 
10). Moreover, the existence of several types 
within each class has been suggested by the 
detection of LCA and LCB chains of at least 
two different sizes, whose relative amounts 
depend on the tissue examined (10). Light 
chains (LCA or LCB) from tissues other 
than brain are smaller than their brain coun- 
terparts by 2000 to 3000 daltons (10). Brain 

1) LCA K Q E A E U K E K A I K E L D E U Y A  

AAG CAG GAG GCC GAA TGG AAA GAA AAA GCC ATC AAG GAG CTG GAC GAG TTG TAC GC 

G G G G  

2 ) L C A  V A  D E A F Y K Q  P F A ( M ) V  I G Y V ?  N 

GCC GAC GAG GCC TTC TAC AAA CAA CCC TTC GC 

T T G G 

3 )  LCA S V L I S L K E A P L V  

GTG CTG ATC TCC CTG AAA GAA GCC CCT CTG GT 

T G G T  

4 )  L C 8  L Q E L D A A S K V M E Q E W R  

CTG CAG GAG CTG GAC GCC GCC TCC AAG GTG ATG GAA CAA GAA TGG AG 

G G G  C 

5 )  LCB E K A K K D L E E W N Q  

AAG GCC AAG AAG GAC CTG GAA GAA TGG AAC CA 

T G G T 

Fig. 1. Clathrin light chains protein sequence analysis and nucleotide probes. The amino acid sequences 
of several cryptic fragments from bovine brain clathrin light chains were determined by Edman 
degradation. Uncertainties in the assignment are indicated. Partially degenerate oligonucleotide probes 
were designed, based on the pattern of codon usage in rat (28) and prepared by solid-phase chemical 
synthesis (29). 

also contains about 5 percent of the smaller 
versions (11). Purified LCA and LCB will 
compete with each other for the same bind- 
ing site on the heaky chain (12). The peptide 
maps of LCA and LCB are different (11- 
13), however, and monoclonal antibodies to 
each of the light chains can distinguish 
chains of each class (6, 14). Taken together, 
these observations suggest that LCA and 
LCB are related proteins that are encoded 
by different genes. 

We have analyzed rat brain and liver 
cDNA clones for LCA and LCB. We find 
that light chains of the two classes are indeed 
closely related. We also find evidence for 
several members of each class, related by 
deletions of varying length aligned at the 
same position. A significant common fea- 
ture of the LCA and LCB amino acid se- 
quences is a set of ten heptad elements, 
characteristic of a-helical coiled coils. We 
suggest that these helical segments bind to 
heavy chains and that the remaining parts of 
the light chains are sites for interaction with 
other proteins. 

The major species of bovine brain clathrin 
light chains LCA (-36 kD) and LCB (-33 
kD) were isolated by preparative SDS (12 
percent)-PAGE from a crude mixture of 
soluble light chains obtained from a boiled 
solution of clathrin trimers (11, 15, 16). The 
electroeluted light chains were succinylated 
and digested with trypsin, and several tryp- 
tic fragments were purified by reversed- 
phase high-pressure liquid chromatography 
(17). Three peptides from LCA and two 
peptides from LCB were selected for deter- 
mination of amino-terminal amino acid se- 
quences by automated Edman degradation. 
From this information, five oligonucleotide 
probes were prepared by chemical synthe- 
sis-three for LCA and two for LCB (Fig. 
1). These probes were y-32~-labeled with T4 
kinase and used to identify hybridizing re- 
combinants in a XgtlO cDNA library de- 
rived from rat brain cytoplasmic polyadeny- 
lated [poly(A)+] RNA (18, 19). Seven inde- 
pendent clones hybridized to LCA probes 
and six to LCB probes. 

DNA sequence analysis of this first set of 
clones (Fig. 2) showed that the isolated 
cDNA's indeed encode LCA and LCB. We 
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found very high homology between the 
sequences of the bovine tryptic peptides and 
the predicted rat sequences (Fig. 3). The 
agreement includes the correct prediction of 
the arginine residues at which the tryptic 
cleavages had occurred. Furthermore, we 
have also identified partial length bovine 
brain cDNA clones that encode LCA. The 
region spanned by the derived amino acid 
sequence exhibits a perfect match with two 
of the tryptic fragments obtained from bo- 
vine brain LCA and displays better than 90 
percent amino acid identity with rat brain 
LCA (20). 

These initial rat brain cDNA clones did 
not contain the entire light chain sequence 
(Fig. 2). Additional recombinants coding 
for light chains were therefore isolated from 
a search of a plasmid cDNA library from rat 
brain cerebral cortex poly(A)+ RNA; the 
numbers of independent clones obtained for 
LCA and LCB were five for each, respec- 
tively. We also screened a AgtlO cDNA 
library from rat liver cytoplasmic poly(A)+ 
RNA (18), from which we analyzed two 
independent clones for LCA and two for 
LCB. 

The longest LCA clone contains 1128 
bases, and the longest LCB clone, 982 bases. 
Northern analysis predicts approximate 
messenger RNA (mRNA) sizes of 1.3 and 
1.2 kb for LCA and LCB, respectively (Fig. 
4). Provided that light chain mRNA species 
have poly(A) tails of 100 to 150 nucleotides, 
the Northern analysis shows that our se- 
quences lack at most about 120 bases at the 
5' end. The LCA sequence has a possible 
ATG initiation codon at position 116, pre- 
dicting a polypeptide of 248 amino acids. 
The LCB sequence, with an ATG at posi- 
tion 140, predicts a smaller polypeptide of 
229 amino acids. Even if the start sites were 
instead at upstream ATG's not yet deter- 
mined, the maximum estimate for the 
lengths of LCA and LCB mRNA's would 
yield polypeptide chains of about 280 resi- 
dues, somewhat smaller than the size deter- 
mined by mobility in SDS gels-that is, 
about 37 and 34 kD for LCA and LCB in 
rat brain (21). 

The translational stop codons of LCA and 
LCB can be aligned at homologous posi- 
tions. The LCA clones have a 3' untranslat- 
ed region of -270 nucleotides. A putative 
poly(A) addition signal (AATAAA) is locat- 
ed at a distance of 14 nucleotides from the 
poly(A) tail. The LCB clones have a 3' 
untranslated region of similar length and a 
poly(A) tail, although they lack an apparent 
poly(A) addition signal. This could be due 
to either to an anomalous polyadenlyation 
site or to internal priming during the cDNA 
synthesis. 

A computer search (22) performed with 

Fia. 2. Schematic reoresenta- pPPa1-2 
41 L C A l  ( B )  

" 
tion of sequenced rat brain and 
rat liver cDNA clones for clath- 
rin light chains LCA and LCB. 
The top portion of the figure 
indicates the length and relative 
alignment of the various se- 
quenced brain (B) and liver (L) 
LCA cDNA clones derived 
from hgtlO (X) or plasmid (p) 
libraries in relation to LCA1. 
The type taken as reference is 
LCA1, and it does not contain 
deletions on its sequence. The 
bottom portion shows a similar 
alignment of sequenced LCB 
cDNA clones with respect to 
LCAl. Observed gaps in the 
nucleotide sequence are indicat- 
ed bv dotted lines. The dele- 
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linker addition. Poly(A) tails are o 600 1200 bp 
marked by A,,. DNA sequence 
analysis was done on both DNA 
strands (30). 

the rat LCA and LCB sequences failed to 
indicate any significant amino acid homolo- 
gy with rat clathrin heavy chain or with 
other sequenced proteins that have been 
published in the National Biomedical Re- 
search Foundation protein data bank (Au- 
gust 1986). An optimal alignment of LCA 
and LCB is shown in Fig. 3. With this 
arrangement, we detect -60 percent identi- 
ty and similarity of better than 80 percent if 
conservative changes are allowed. Most of 
the differences are near the amino termini. 
The extent of DNA homology (coding and 
3' noncoding region) of light chains A and 
B suggests that their genes are related 
through an ancient gene duplication. In this 
regard we note that yeast clathrin has only 
one light chain (23). 

For each class of light chain (LCA or 
LCB), we have found clones that encode 
proteins of several sizes, and refer to them as 
LCA1, LCA2, LCA3, LCB2, and LCB3. Of 
these, LCAl is the longest, and we regard it 
as the reference. Representatives. of its 
cDNA were found so far only in the brain 
cDNA libraries. The LCA2 type, of which 
only one clone was found, also from brain, is 
identical to LCAl except for a deletion of 12 
amino acids; the LCA3 (two clones found in 
liver) is lacking 30 amino acids. The dele- 
tions, coincident at their carboxyl termini, 
are indicated by arrowheads in Fig. 3. Ex- 
cept for these gaps, all LCA clones have 
identical DNA sequences, including the 3' 
untranslated regions. There are a few silent 
point mutations that probably reflect allelic 
variation. In an analogous fashion LCB2 
(found so far only in brain) and LCB3 (one 

clone in brain and two in liver) lack stretches 
of 12 and 30 amino acids when compared to 
LCA1, at precisely the same positions as the 
gaps in LCA2 and LCA3, respectively. As 
with the LCA group, the LCB2 and LCB3 
clones show otherwise identical DNA se- 
quences. The junctions that are generated at 
the 3' ends of all the gaps in LCA and LCB 
clones are aligned at the same position, 169 
bases upstream from their respective stop 
codons. We consider it unlikelv that these 
in-frame deletions found in the same region 
of both types of light chain cDNA clones are 
the result of a cloning artifact. Because of 
the identity of DNA sequence in the coding 
and noncoding regions within each class of 
light chain, we suggest that the size poly- 
morphism derives from differential splicing 
of the corresponding RNA transcripts. In- 
deed, Northern analysis of rat RNA shows 
that mRNA from brain LCA is slightly 
larger than other LCA's (Fig. 4). The size 
difference is less discernible for LCB. Other 
examples of differential splicing within the 
coding region have been observed in fibro- 
nectin, troponin T, and the neural cell adhe- 
sion molecule (24). We believe that the 
multiple cDNA's we find for each class 
correspond to the multiple species observed 
on protein gels, but we cannot yet assign a 
particular cDNA to a particular SDS gel 
band. 

The amino acid sequences of both classes 
of light chain have in one segment a striking 
pattern, typical of a-helices arranged in a 
coiled coil structure (Figs. 3 and 5) (25). 
The pattern consists of a series of ten hep- 
t a d ~  (underlined in Fig. 3) with a sequence 
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TCTCCGCTCGTCCTCCGGTAGCAGCCGCCAGCACAGTCTCCGCTGCTGGGCGGGGTGTCGGCGGATCGGTCGGTTGGTTTCGGCTTCGGTGTCGCTGCGT LCAl 

LCAl 

of the format a, b, c, d, e, f, g, where 
positions a and d, in general, contain hydro- 
phobic or neutral amino acids while the L R S S S G S S R Q H S V R C U A G C R R I G R L V S A S V S L R  

other positions contain most of the polar 
and charged residues. This distribution of 
amino acid residues is best seen in the 

TTGAGTTGGGCCGTCATGGCTCAGTTtCATCCATTTCCCGCTCCCGCCGGTGCGCCCGGTGGCCCCGCGCTCGGGAACGGGGTGGCGGGCGCCGGCGAGG 
GGGAGGTGACAGCAGCCACGCGGGGMGATGGCTGAtCACTTCGGCTTCTTCTCGTCGTCGGAGAGCGGGGCCCCCGAGGCCGCCGAGG 

L S U A V M A E L D P F G A P A G A P G G P A L G N G V A G A G E E  - 
I  I  I I  

LCA1 

LC02 

LCAl arrangement in Fig. 5 .  In both light chains 
the periodicity is broken between the fifth 
and sixth heptads by the insertion of a 
tryptophan residue. Such disturbances, 
known as "skip residues," are found in other 
a-helical coiled coils. They are expected to 
produce a local flattening of the superhelix 
(25). Our assignment of an a-helical struc- 
ture to this segment is further supported by 
the virtual absence of proline and glycine 
residues. There is a ~rol ine  at the first 

G G D S S H A G K M A E D F G F F S S S E S G A P E A A E E  - 

AAGACCCGGCCGCGGCCTTCTTGGCGCAGCAGGAGAGTGAGATTGCGGGCATAGAGAACGACGAGGCCTTCGCCATCCTAGACGGCGGC GCCCCCGG 

AGGACCCGGCGGCCGCCTTCCTGGCCCAGCAGGAGAGCGAGATTGCTGGCATCGAGMTGACTCGGGTTTCGGGGCACCTGCCGCCAGCCAGGTGGCCTC 
D P A A A F L A Q Q E S E I A G I E N D E A F A I L D G G  A P G  

I I I I I I I I I I I I I I I I I I I I  I  
D P A A A F L A Q Q E S E I A G I E N D S G F G A P A A S Q V A S  

GCCGCAGGCACACGGCGAGCCGCCGGGGGGTCCTGATtCtGTTGATGGAGTGATGAATGGCGAATACTACCAGGAGAGCAATGGTCCAACAGACAGTTAC 

T G C G C A G C C C G G A C T C G C G A G C G G G G G T G G A C A T G G G G A C T A C A G T C A A T G G A G A T G T G T T T C A G G A G G C T A A C G G G C C T G C C G A T G G C T A C  

P Q A H G E P P G G P D A V D G V M N G E Y Y Q E S N G P T D S Y  

1 I  I  I  I  I I  I l l  I  I  
A Q P G L A S G G G S E D M G T T V N G D V F Q E A N G P A D G Y  

position of heptad 2. Incorporation of pro- 
line into an a-helix introduces a kink and 
ruptures a hydrogen bond. The helical struc- 
ture might therefore really begin at this 
position, and the seven preceding residues 
could correspond only by coincidence to a 
consensus heptad. Prolines are present a few 
residues beyond the carboy1 terminus of 
the heptad region in all light chain types. 

The deletions that distinguish different 
light chain types fall near the carboxyl- 
terminal end of the heptad region. In LCA2 
and LCB2, the deletion occurs beyond the 
last heptad. In LCA3 and LCB3, the ninth 
heptad of the "parent" sequence is interrupt- 
ed between positions f and g, but the con- 
sensus characteristics of the final two hep- 
t a d ~  are conserved by the sequences hsed to 
it. That is, the join in LCA3 and LCB3 is 

GCAGCCATTTCAGAAGTGGATCGGTTGCAGTCAGAGCCTGAAAGTATCCGTAAGTGGAGAGAAGAGCAGACAGAGCGCCTGGAAGCCCTCGATGCCMTT 

GCTGCGATTGCCCAGGCGGACACtTTGACTCAGGAGCCTGAGAGCATCCGCAAGTGGAGAGAGGAGCAGAAGAAMGGCTGCAGGAGTTGGATGCTGCCT 

CTCGGAAGCAGGAAGCAGAGTGGAAAGAAAAGCCAGTGMGGAGCTGGAAGAGTGGTACGCAAGGCAGGATGAGCAGCTACAGAAGACAAAAGCCAGCAA 

CGAAGGTGACCGAACAGGAGTGGCGGGAGAAGGCCAMAAAGACCTGGAGGAGTGGAACCAGCGCCAMGTGMCAGGTTGAGMGAACAAGATCAACAA 
..............................I...........D............ 

R K Q E A E V K E K A V K E L E E V Y A R Q D E Q L Q K T K A S N  
. . . . . . . M . . I . . . . . I . . I . . . .  I  ..I..I...../.....I..(..I..I...... I  I  I  I  I  I  I  
K V T E Q E V R E K A K K D L E E V N Q R Q S E Q V E K N K I N N  

5 6 7 8 9 

v . . v .  . v  . 
CACGGTGGCAGATGAAGCTTTCTACAAACAACCCTTCGCTGACGTGATTGGTTATGTCACAAACATMACCATCCTTGCTACAGCCTAGMCAGGCAGCA 

CAGGATCGCTGACAAAGCGTTCTACCAGCAGCCAGATGCTGATACCATTGGCTATGT GGCATCG A. .  ................................ .(MI.. ............. .?. -. A 
R V A D E A F Y K Q P F A D V I G Y V T N I I H P C Y S L E Q ~ ~  - 
I I I  I l l  I I  l l  1 1 1 1  I  

such that the acceptor end provides the last 

Fig. 3. Nucleotide sequences from rat brain and 
rat liver cDNA clones of clathrin light chains LCA 
and LCB. The sequences compiled from several 
independent clones for each light chain type are 
shown, together with the predicted amino acid 
sequences. The top line in each row shows the 
LCAl sequence; the second line, LCB2. Dele- 
tions that yield LCA2, LCA3, and LCB3 are 
shown by arrowheads. In particular, LCA2 is 
related to LCAl by deletion of nucleotides 657 
through 693; LCA3 to LCAl by deletion of 
nucleotides 604 through 693; and LCB3 to 
LCB2 by deletion of nucleotides 604 through 
657. We have numbered the LCB chain to corre- 
spond to the LCA types. It is possible that further 
search will produce an LCB1, 12 amino acids 
longer than LCB2. So far, clones for LCAl, 
LCA2, and LCB2 were found in brain cDNA 
libraries; clones for LCA3 in liver cDNA libraries, 
and clones for LCB3 in cDNA libraries from both 
brain and liver. A schematic map of the clones 
that were sequenced is given in Fig. 2. The clones 
span 982 to 1128 bp and include 3' untranslated 
regions with poly(A) stretches. Possible ATG 
initiation sites are i~idicated, and a polyadenyla- 
tion signal in LCA is underlined. Peptides of 
bovine brain clathrin light chains that were se- 
quenced by Edrnan degradation (Fig. 1) are over- 
lined; amino acids that differ or whose determina- 
tion was uncertain are indicated. The heptads are 
indicated by solid lines below the sequence and 
numbered 1 through 10 (Fig. 5 ) .  

GAAGAAGCCTTTGTAAACGACATTGACGAGTCATCCCCAGGCACTGAGTGGGAGCGGGTGGCCCGCCTGTGTGACTTTMCCCCAAGTCCAGCMACAGG 

GAAGAGGCTTTTGTGAAAGAATCCAAGGAGGAGACCCCAGGCACAGAGTGGGAGAAGGTGGCCCAGCTGTGTGACTTCAACCCTAAGAGCAGCAAGCAAT 

E E A F V N D I D E S S P G T E U E R V A R L C D F N P K S S K Q A  

I I  I  I  I  I  l l l l l l  I I  I  / I l I l l I l l l  
E E A F V K E S K E E T P G T E U E K V A Q L C D F N P K S S K Q C  

10 '  

CCAMGATGTCTCTCGCATGCGCTCAGTCCTCATCTCCCTGMGCAGGCGCCCCTGGTGCATTGMGAGCCACCCTGTGGAMCACTACGTCTCCGATCT 
GTAMGACGTGTCCCGCCTGCGCTCGGTGCTCATGTCCCTGMGCAGACGCCACTGTCCCGCTAGTGCCTGTCACCACGGGCCTTGGTGGGGCAGAGCAG 

.................................. 
K D V S R M R S V L I S L K Q A P L V H *  

I l l l l  I l l 1  I l l 1  I /  I  
K D V S R L R S V L M S L K Q T P L S R *  

T A A T C C T A C T C A G T G M G C T G T T C A C G C A A T T G G A T T A A T A C C T T T T G T C T T T A G A G T T G A T C A T T G T T T G T G A T T G  
CAGCTGCTTCAGCCAGGGTGGAACTTCTCTGGCAGCTGCCACACACGCCTGTTCTGTTCCTCTGAGTCTCTGGGAGCTGGGAAGCGGGACCCTTACCCCT 

CATGTTTCCTTCAACTGTGTTCTCCCTGGCATTCAGAGAAGAGAGAGGAAGAGGMGGGAGGGGAGCTCCCMCAGTAGCCTCAACCTGTGCTTTTGTGC 
TTCACCCACCCTGTCCTTCCTGGTCCCCTGTTCCAGCCCCTCATGACTCCTGTCAGTCCACTTGATTGTGACTGTCCCTCCTGATGTATTTTTCTTGGCT 

A T T A T T C T G A G W T T T C T G T T T C A A A C A A A A M A A A A A A A  1144 

TAAAGGGTGTGTTAACTCTTTTTACACTTAAAAAAAAMMAM 
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residue of a new ninth heptad and a seven- 
amino acid sequence appropriate for a new 
tenth heptad (Figs. 3 and 5). At the nucleo- 
tide lev& the &tual junction appears to 
occur between nucleotides 2 and 3 of the 
position f codon in heptad 9, and the spliced 
sequence is such that an arginine at position 
f is conserved, a valine or isoleucine at 
position g is changed to alanine, and a new 
heptad 10' has significant sequence homolo- 
gy to the deleted one. This new heptad is a 
sequence also present in LCA1, LCA2, and 
LCB2; but it is separated from the repeat 
region by a nonperiodic segment that in- 
cludes a proline. We believe that the remark- 
able conservation of structure is strong evi- 
dence both for the significance of the splic- 
ing alternatives and for the importance of 
the a-helical region itself. 

Heptad repeats are signatures of parallel 
chain a-helical coiled coils. Since there is a 
single light chain bound to each leg of the 
triskelion, we propose that the other mem- 
ber of the coiled coil is a sement of the 

V 

heavy chain. There is indeed a region of the 
heavy chain sequence, appropriately posi- 
tioned. that is a candidate for such a struc- 
ture (5). A series of ten heptads will have a 
length of 105 & on the basis of a residue 
rise of 1.5 A. The interaction of light and 
heavy chain therefore appears to-extend 
along much of the proximal segment of a leg 
(length -160 A) (3, 4). The proposed 
arrangement (Fig. 6) is consistent with sev- 
eral observations. For example, electron mi- 
crographs of clathrin trimers with bound 
polyclonal antibodies to light chains show 
antibody decoration along the entire proxi- 
mal segment (8); hydrodynamic (6) and 
electron microscopic (8) measurements on 
purified light chains suggest a highly extend- 
ed molecule. Circular dichroism measure- 
ments indicate about 30 percent a-helix in 
free light chains (8,12), with a noncoopera- 
tive melting transition in guanidinium hy- 
drochloride (8). These observations are con- 
sistent with the presence of an extended a- 
helix rather than a compactly folded, globu- 
lar structure. Most of the light chain lysines 
are in the heptad sequences, and Ungewick- 
ell has observed their efficient labeling with 
Bolton-Hunter reagent only when light 
chains are dissociated from the intact clath- 
rin trirners (8). 

The heptad region lies in the middle of 
the light chain sequence, dividing it into 
three domains. We do not yet have evidence 
bearing on the function of the outer two, 
but we suggest that they may be involved in 
interactions with proteins other than clath- 
rin-for example, the uncoating adenosine 
triphosphatase (9). The differences between 
the primary structures of class A and class B 
light chains, and further modulation of these 

Fig. 4. Northern blot analysis of rat A 6 
tissues. Poly(A)+ RNA (-1 kg) 
from rat brain (B), heart (H), kid- * 
ney (K), liver (L), lung (LU), and Actin 

Actln 
testis (T) were hybridized (31) with 
nick-translated restriction frag- Ir LCB . ry 
ments spanning nucleotides posi- 
tions 225 to 626, and positions 416 
to 784 for LCA and LCB, respec- 
tively. Nonbrain LCA mRNA's 
have similar size and are slightly 
smaller than brain LCA rnw B H K L L U  
(-1.3 kb). AH LCB mRNA have 

B H K L L U T  

similar s&s (- 1.2 kb). Size markers were 18s and 28s RNA. A faint band of -3 kb (arrowhead) is also 
detected with both lieht chain ~robes. It amcars that the relative abundance of LCA mRNA is hieher in 
liver, while that of L ~ B  r n ~ N k  is higher heart and liver. p-actin [probed with pAcl8.1 (32)]%f low 
specific activity was used as internal reference. 

Fig. 5. Periodic features in the arni- 
no acid sequence of clathrin light 
chains LCA and LCB provide evi- 
dence for a unit made of ten seven- 
residue sections or h e p t a b a  pat- 
tern characteristic of an a-helical 
coiled coil (see text). Positions a 
and d, containing primarily hydro- 
phobic or neutral residues, lie along 
the interface of the coiled a helices. 
Negatively charged amino acids are 
totally excluded from these posi- 
tions but lysine and arginine can 
occasionally appear at position a 
(26). The skip residue tryptophan 
appears in both chains at a homolo- 
gous position between the fifth and 
sixth heptad. The sequences of 
primed heptads refer to those gen- 
erated by the amino acid deletions 
in LCA3 and LCB3. 

Fig. 6. Model for the structure N 
of clathrin light chains. The 
drawing shows features of clath- LCA l 
rin ligh; chains indicated by the N 1 2 3 4 5 6 7 8 9 1 0  
derived amino acid sequence. 
Representations are shown of 
the longest chain LCA1, its var- N 
iants LCA2 and LCA3, and the 
related LCB2 and LCB3. The 
heptad region that lies in the 
middle of-the sequence divides 
it into three domains. The seg- 
ment at the amino terminus of 
our present sequence lacks posi- 
tively charged residues and con- Light Chain 
tains 17  and 16 negatively 
charged amino acids for LCA 
and LCB, respectively. A splic- 
ing deletion, occurring near the 
end LCA3 of and the ten-heptad LCB3, joins region part of in N H ~  heavy NH$ Chain 

heptad 9 to the remaining part 
of a "new" heptad 9' and a complete "new" heptad 10'. The pattern of repeated heptads is characteristic 
of structures bearing a-helical coiled coils (26). A single light chain is bound to the proximal segment of 
each leg of the clathrin triskelion (6-8), and we propose that a coiled coil structure mediates this 
interaction. The overall polarity of the heavy chain is shown (16) (carboxyl terminus at the center). We 
do not at present have evidence concerning light chain polarity. 

differences by the observed deletions, may related to functional differences in different 
be important signals for the way in which types of cells. 
such other proteins participate in the cycle Note added in proofi While this paper was 
of clathrin assembly and disassembly. Varia- in press, Jackson et al. (26) have published a 
tion of particular light chain types from similar study of bovine clathrin light chains 
tissue to tissue suggests that these signals are LCA and LCB. Their sequences correspond 
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to LCA1, LCA3, LCB2, and LCB3 that we 
have obtained from rat. If we align corre- 
sponding chains, we observe identity at 
more than 93 percent of the amino acid 
positions and conservation of the tissue- 
specific splicing sites. However, from our 
analyses of the amino acid sequences we 
come to different conclusions about second- 
ary structure. We find that the repeat of ten 
heptad motifs, typical of a-helical coiled 
coils, constitutes a key element in all classes 
and types of light chains regardless of the 
species studied. In contrast, Jackson et al. 
have not noticed the heptad elements. Rath- 
er, they propose homology of intermediate 
filaments and clathrin light chains. They 
suggest that the similarity is highest between 
amino acid residues 107 and 236 of the 
bovine light chains (15 percent). In our 
opinion, the homology is not extensive 
enough to allow the interpretation that the 
proteins derive from a common ancestor 
gene. We propose here that the central 
segment containing the heptad motifs medi- 
ate the binding of light chains to clathrin 
heavy chain. In a publication in the same 
issue of Natzwe, Brodsky et al. [figure 3 in 
(27)], using monoclonal antibodies to light 
chains to block interactions of light chains 
and heavy chains, conclude that residues 93 
to 157 mediate the interaction. This conclu- 
sion is precisely consistent with our assign- 
ment. 

REFERENCES AND NOTES 

1. J. L Goldstein, R. G. W. Anderson, M. S. Brown, 
Nature (London) 279, 679 (1979); B. M. F. Pearse, 
Trendr Bwchem. Sci. 5. 131 11980): S. C. Harrison 
and T. Kirchhausen, cell 33, 650'(1983). 

2. B. M. F. Pearse, J. Mol. Bwl. 97, 93 (1975); R. A. 
Crowther, J. T. Finch, B. M. F. Pearse, ibid. 103 
785 (1976). 

3. T. Kirchhausen and S. C. Harrison, Cell 23. 755 
(1981). 

4. E. Ungewickell and D. Branton, Nature (London) 
289,420 (1981). 

5. T. Kirchhausen et d . ,  in reparation. 
6. T. Kirchhausen. S. C. Rarrison. P. parham. F. 

Brodsky, Proc. h i t l .  Acad. Sci. U S A .  80, 2481 
(1983). 

7. E. Ungewickell, E. Unanue, D. Branton, Cold 
Spring Harbor Symp. Quant. Bwl. 57, 723 (1982). 

8. E. Ungewickell, EMBO J. 2, 1401 (1983). 
9. S. L. Schmid, W. A. Braell, D. M. Schlossmann, J. 

E. Rothman, Nature (London) 311, 228 (1984); J. 
E. Rothman and S. L. Schmid, Cell 46, 5 (1986). 

10. B. M. F. Pearse, J. Mol. Bwl. 126, 803 (1978); F. M. 
Brodsky and P. Parham, ibid. 167, 197 (1983). 

11. N. Holmes, J. S. Biermann, F. M. Brodsky, D. 
Bhamcha, P. Parham, EMEO J. 3, 1621 (1984). 

12. F. K. Winkler and K. K. Stanley, ibid. 2, 1393 
(1983). 

13. M. J. Geisow and R. D. Burgoyne, Nature (London) 
301, 432 (1983); C. E. Creutz and J. R. Harrison, 
ibid. 308, 208 (1984). 

14. F. M. Brodsky, J. Cell Bwl. 101, 2047 (1985). 
15. M. P. Lisanti et d. .  EUY. 1. Biochem. 125. 463 

(1982). 
16. T. Kirchhausen and S. C. Harrison, J. CellBwl. 99, 

1725 (1984). 
17. M. W. Hunka iller, E. Lujan, F. Ostrander, L. E. 

Hood, ~ e t h o l  Enzymol. 91, 227 (1983); A. N. 
Glazer. R. 1. DeLanee. D. S. Sieman. Laboratmv 
~echniiues & Biochem~stry and ~o7ecular Biology, T. 
S. Work and E. Work, Eds. (Elsevier, New York, 
1976), vol. 4, p. 78; K. S. Huangetal., Cell46, 191 
(1986). 

18. I. Mocchetti, R. Einstein, J. Brosius, Proc. Natl. 
Acad. Sci. U.S.A. 83, 7221 (1986). 

19. A. Ukich, C. H.  Berman, T. J.  Dull, A. Gray, J. M. 
Lee, EMBO J.  3, 361 (1984); T. Maniatis, E. F. 
Fritsch, J.  Sambrook, Molecular Cloning: A Labora- 
toryManud (Cold Sprin Harbor Laboratory, Cold 
S ~ r i n e  Harbor. NY. 19f2). 

20. P: ~cavrmato, J.' ~roi ius ,  T: Smith, T. Kirchhausen, 
in preparation. 

21. J. Keen, personal communication. 
22. D. J. Lipman and W. R. Pearson, Science 227, 1435 

11985) 
\ - -  --, 

23. G. Pavne and R. Schekman, ibtd. 230,1009 (1985). 
24. S. E. Schwarzbaur, J. W. Tamkun, I. R. Lemischka, 

R. 0 .  Hynes, Cell 35, 421 (1983); T. A. Coo er 
and C. P. Ordahl, J. Biol. Chem. 260,11140 (198i); 
K. E. iM. Hasun s E A Bucher, C. P. Emerson, Jr., 
ibid., p. 13699; 8.'A..M;rray et al.,]. CellBkl. 103, 
1431 (1986). 

25. A. D. McLachlan and J. Karn, Nature (London) 299, 
226 (1982). 

26. A. P. Jackson, H.-F. Seow, N. Holmes, K. Drick- 
amer, P. Parham, ibid. 326, 154 (1987). 

27. F. M. Brodsky et al., ibid., p. 203. 
28. R. F. Grantham, NucleicAczds Res. 9, 1 (1981). 
29. L. J.  McBride and M. H .  Caruthers, Tetrahedron 

Lett. 24, 245 (1983); R. B. Pepinsky et d . ,  J. Bwl. 
Chem. 261,4239 (1986). 

30. A. M. Maxam and W. Gilbert, MethodrEnzymol. 65, 
499 (1980). 

31. B. P. Wallner et ad., Nature (London) 320, 77 
(1986). 

32. U. Nude1 et al., NucleicAcidrRes. 11, 1759 (1983). 
33. We thank IM. Brownstein, NIMH, for the rat brain 

plasmid libraw; D. Elstein, S. Frucht, D. Harvey, T. 
Smith, E. e obi as, and students of the Cold Spring 
Harbor Laboratory Advanced Molecular Cloning 
course for help at various stages of cloning; R. 
Tizard for mdung available his modifications to the 
DNA sequencing rotocol; W. Gilbert for computer 
time; L. Wachter t%r DNA svnthesis; and C. Beepot 
and L. M. Oliphant for secietarial assistance. Sup- 
ported in part by NIH rant R 0 1  GM 36548-01 
(T.K.), AHA grant-in-aif86119 (T.K.), NSF grant 
DMB 85-02920 (S.C.H.) and NIMH grant MH 
38819 (J.B.) and by a contribution from the Foun- 
dation for Medical Research (T.K.), an Established 
Investigatorship of the American Heart Association 
(T.K.), and an Irma T. Hirschl career scientist award 
(J.B.). 

19 December 1986; accepted 16 March 1987 

Skeletal Muscle as the Potential Power Source for a 
Cardiovascular Pump: Assessment in Vivo 

Skeletal muscle ventricles (SMVs) were constructed from canine latissimus dorsi and 
connected to a totally implantable mock circulation device. The SMVs, stimulated by . - 
an implantable pulse generator, pumped continuously for up to 8 weeks in fiei- 
running beagle dogs. Systolic pressures produced by the SMVs, initially of 139 2 7.2 
mmHg and after 1 month of continuous pumping of 107 k 7 mmHg, were 
comparable to normal physiologic pressures in the adult beagles (114 k 21 mmHg). 
After 2 weeks of continuous pumping, the mean stroke work of the SMVs was 0.4 x 
lo6 ergs, a performance that compares favorably with the animal's cardiac ventricles. 
This study shows that canine skeletal muscle which has not received prior training or 
electrical conditioning can perform sustained work at the high leveis needed fo; an 
auxiliary cardiovascular pump. It might be possible eventually to use such muscle 
pumps in humans to assist the failing circulation and to provide support in children 
with certain types of congenital heart defects. 

S KELETAL MUSCLE IS CAPABLE OF cle fatigue-resistant and then used this mus- 
transforming chemical energy into cle to construct skeletal muscle pumping 
mechanical enerm with an efficiencv chambers. When these chambers were con- ", 

unmatched by man-made machines. It rep- nected to the animal's own circulation for 
resents a source of autogenous contractile short periods, they maintained for several 
tissue that could in ~ r inc ide  be used to hours flows that were eauivalent to 20% of 
augment the h c t i o n ' o f  &e failing heart. the canine cardiac o u t b t  (4). In another 
Skeletal muscle can respond to an increased study, pumping chambers constructed from 
pattern of use with a series of adaptations electrically preconditioned muscle were test- 
that include a greatly enhanced resistance to ed with a-mock circulation device for several 
fatigue. This response is seen at its greatest days (5). In the present experiments we 
extent in adult fast skeletal muscle that has assessed the skeletal muscle pumping cham- 
been subjected to long-term, low-frequency bers for several weeks withoit subjecting the 
stimulation (1 ) . Such stimulated muscle muscles to any preconditioning electrical 
shows increases in capillary density, mito- stimulation; instead the muscles were al- 
chondrial volume fraction, and enzymes of 
oxidation metabolism, and a switch from the 
synthesis of fast to the synthesis of slow 
isoforms of myosin, changes that result in 
increased resistance to fatigue (1-3). 

In previous studies in dogs, we used 
electrical stimulation to render skeletal mus- 
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