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

ECEPTOR-MEDIATED ENDOCYTOSIS
Roccurs by entrapment of specific

macromolecules in coated pits and
coated vesicles (I). 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
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Fig. 1. Clathrin light chains protein sequence analysis and nucleotide probes. The amino acid sequences
of several tryptic 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).
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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 heavy 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-*?P-labeled with T4
kinase and used to identify hybridizing re-
combinants in a Agtl0 ¢cDNA library de-
rived from rat brain cytoplasmic polyadeny-
lated [poly(A)*] RNA (I8, 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
c¢DNA’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 Agtl0 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
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tion of sequenced rat brain and
rat liver cDNA clones for clath-
rin light chains LCA and LCB.
The top portion of the figure
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alignment of the various se-
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LCA c¢DNA clones derived
from Agtl0 (\) or plasmid (p)
libraries in relation to LCAL.
The type taken as reference is
LCALl, 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 by dotted lines. The dele-
tions, coincident at their 3’
ends, correspond to deletions of
12 or 30 amino acids (Fig. 3
and text). Zigzag lines indicate
unrelated cDNA portions prob-
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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
LCAIL, LCA2,LCA3,LCB2, and LCB3. Of
these, LCAL is the longest, and we regard it
as the reference. Representatives' of its
c¢DNA 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 LCA1 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

1200 bp

clone in brain and two in liver) lack stretches
of 12 and 30 amino acids when compared to
LCAL, 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 unlikely 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-
tads (underlined in Fig. 3) with a sequence
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CATGTTTCCTTCAACTGTGTTCTCCCTGGCATTCAGAGAAGAGAGAGGAAGAGGAAGGGAGGGGAGCTCCCAACAGTAGCCTCAACCTGTGCTTTTGTGC
TTCACCCACCCTGTCCTTCCTGGTCCCCTGTTCCAGCCCCTCATGACTCCTGTCAGTCCACTTGATTGTGACTGTCCCTCCTGATGTATTTTTCTTGGCT

ATTATTCTGAGAATAAATTTCTGTTTCAAACAAAAAAAAAAAAA 1144
TAAAGGGTGTGTTAACTCTTTTTACACTTAAAAAAAAAAAAAAA
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of the format a, b, ¢, d, e, f, g, where
positions a and d, in general, contain hydro-
phobic or neutral amino acids while the
other positions contain most of the polar
and charged residues. This distribution of
amino acid residues is best seen in the
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 proline at the first
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 carboxyl 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-
tads are conserved by the sequences fused to
it. That is, the join in LCA3 and LCB3 is
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
LCALI sequence; the second line, LCB2. Dele-
tions that yield LCA2, LCA3, and LCB3 are
shown by arrowheads. In particular, LCA2 is
related to LCAIL 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 LCBI1, 12 amino acids
longer than LCB2. So far, clones for LCAIL,
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 indicated, and a polyadenyla-
tion signal in LCA is underlined. Peptides of
bovine brain clathrin light chains that were se-
quenced by Edman 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).
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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 level, the actual 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 segment of the
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 A, 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 trimers (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
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Fig. 4. Northern blot analysis of rat A
tissues. Poly(A)* RNA (~1 pg)
from rat brain (B), heart (H), kid-
ney (K), liver (L), lung (LU), and
testis (T) were hybridized (31) with
nick-translated  restriction  frag-
ments spanning nucleotides posi-
tions 225 to 620, 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 mRNA
(~1.3 kb). All LCB mRNA have

B K LT

LU= T

similar sizes (~1.2 kb). Size markers were 185 and 28S RNA. A faint band of ~3 kb (arrowhead) is also
detected with both light chain probes. It appears that the relative abundance of LCA mRNA is higher in
liver, while that of LCB mRNA is higher in heart and liver. B-actin [probed with pAc18.1 (32)] of low

specific activity was used as internal reference.

Fig. 5. Periodic features in the ami-

no acid sequence of clathrin light LA L

chains LCA and LCB provide evi- abcdefa abcdefg
dence for a unit made of ten seven- VD RLOQS E L ADRLTQE
residue sections or heptads—a pat- 1 0 e : Q
tern characteristic of an a-helical 2. P E S 1 RKW 2. P ES T RKY
coiled coil (see text). Positions a . RPEEQT ER 3. RTEEQ K KR
and d, containing primarily hydro- i A A )
phobic or neutral residues, lie along 4. LEALDAN 4. L QELDAA
the interface of the coiled o helices. 5. s REK'Q E A E° W 5. S KV T EQEW
Negatively charged amino acids are .o .- e e .
totally excluded from these posi- 6. KTEKAVKE 6. RTE KA K KD
ﬁons.bu:ul}’sme and arginine can 7. | g E W v A R 7. LEEWNQR
occasionally appear at position a .. N N .
(26). The skip residue tryptophan & eDEQLOQK 8 ¢S EQVEK
appears in both chains at a homolo- 9. T K'A S N RYY 9. N K'I NN RYI
gous position between the fifthand o, (e )\ ey 9. N K'I N N R*A
sixth heptad. The sequences of

primed heptads refer to those gen-  10. A D E A F ¥ K 10. ADKAFYQ
erated by the amino acid deletions ;00 A g A F v N 1. S EEAF VK

in LCA3 and LCB3.

Fig. 6. Model for the structure
of clathrin light chains. The
drawing shows features of clath-
rin light chains indicated by the
derived amino acid sequence.
Representations are shown of
the longest chain LCALl, its var-
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-
tains 17 and 16 negatively
charged amino acids for LCA
and LCB, respectively. A splic-
ing deletion, occurring near the
end of the ten-heptad region in
LCA3 and LCB3, joins part of
heptad 9 to the remaining part

4 56 7 8 910

+
NHY

Light Chain

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
be important signals for the way in which
such other proteins participate in the cycle
of clathrin assembly and disassembly. Varia-
tion of particular light chain types from
tissue to tissue suggests that these signals are

related to functional differences in different
types of cells.

Note added in proof: While this paper was
in press, Jackson et al. (26) have published a
similar study of bovine clathrin light chains
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 Nature, 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.
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Skeletal Muscle as the Potential Power Source for a
Cardiovascular Pump: Assessment in Vivo

MICHAEL A. ACKER, ROBERT L. HAMMOND, JOHN D. MANNION,
STANLEY SALMONS, LARRY W. STEPHENSON

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 free-
running beagle dogs. Systolic pressures produced by the SMVs, initially of 139 + 7.2
mmHg and after 1 month of continuous pumping of 107 = 7 mmHg, were
comparable to normal physiologic pressures in the adult beagles (114 = 21 mmHg).
After 2 weeks of continuous pumping, the mean stroke work of the SMVs was 0.4 x
10° ergs, a performance that compares favorably with the animals 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 levels needed for 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.

KELETAL MUSCLE IS CAPABLE OF
transforming chemical energy into
mechanical energy with an efficiency
unmatched by man-made machines. It rep-
resents a source of autogenous contractile
tissue that could in principle be used to
augment the function of the failing heart.
Skeletal muscle can respond to an increased
pattern of use with a series of adaptations
that include a greatly enhanced resistance to
fatigue. This response is seen at its greatest
extent in adult fast skeletal muscle that has
been subjected to long-term, low-frequency
stimulation (1). Such stimulated muscle
shows increases in capillary density, mito-
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-

cle fatigue-resistant and then used this mus-
cle to construct skeletal muscle pumping
chambers. When these chambers were con-
nected to the animal’s own circulation for
short periods, they maintained for several
hours flows that were equivalent to 20% of
the canine cardiac output (4). In another
study, pumping chambers constructed from
electrically preconditioned muscle were test-
ed with a mock circulation device for several
days (5). In the present experiments we
assessed the skeletal muscle pumping cham-
bers for several weeks without subjecting the
muscles to any preconditioning electrical
stimulation; instead the muscles were al-

M. A. Acker, R. L. Hammond, J. D. Mannion, L. W.
Stephenson, Department of Surgery, Division of Car-
diothoracic Surgery, and the Harrison Department of
Surgical Research, University of Pennsylvama School of
Medicine, Philadelphia, PA 19104.

S. Salmons, Department of Anatomy, University of
Birmingham Medical School, Birmingham B15 2TJ,
United Kingdom.

SCIENCE, VOL. 236





