
Neural Cell Adhesion Molecule: Structure, 
Immunoglobulin-Like Domains, Cell Surface 
Modulation, and Alternative RNA Splicing 

The neural cell adhesion molecule, N-CAM, appears on 
early embryonic cells and is important in the formation of 
cell collectives and their boundaries at sites of morpho- 
genesis. Later in development it is found on various 
differentiated tissues and is a major CAM mediating 
adhesion among neurons and between neurons and mus- 
cle. To provide a molecular basis for understanding N- 
CAM function, the complete amino acid sequences of the 
three major polypeptides of N-CAM and most of the 
noncoding sequences of their messenger RNA's were 
determined from the analysis of complementary DNA 
clones and were verified by amino acid sequences of 
selected CNBr fragments and proteolytic fragments. The 
extracellular region of each N-CAM polypeptide includes 
five contiguous segments that are homologous in se- 
quence to each other and to members of the immunoglob- 
ulin superfamily, suggesting that interactions among 
immunoglobulin-like domains form the basis for N-CAM 
homophilic binding. Although different in their mem- 
brane-associated and cytoplasmic domains, the amino 
acid sequences of the three polypeptides appear to be 
identical throughout this extracellular region (682 amino 
acids) where the binding site is located. Variations in N- 
CAM activity thus do not occur by changes in the amino 
acid sequence that alter the specificity of binding. Instead, 
regulation is achieved by cell surface modulation events 
that alter N-CAM affinity, prevalence, mobility, and 
distribution on the surface. A major mechanism for 
modulation is alternative RNA splicing resulting in N- 
CAM's with different cytoplasmic domains that differen- 
tially interact with the cell membrane. Such regulatory 
mechanisms may link N-CAM binding function with 
other primary cellular processes during the embryonic 
development of pattern. 

C ELL ADHESION HAS LONG BEEN RECOGNIZED AS A MAJOR 

primary process in embryonic development. Only in the past 
decade, however, have some of the molecules responsible for 

cell-cell interactions been identified and characterized (1, 2). Analy- 
ses of the distributions and properties of these cell adhesion 
molecules (CAM's) have altered earlier notions that very large 
numbers of molecules with different specificities at the individual 
cell level are responsible for cell recognition in morphogenesis and 
histogenesis (3). Instead, it appears that a smaller number of CAM's 
of different binding specificities leads to border formation in early 
cell collectives and that repeated dynamic regulation of the expres- 

sion and properties of the various CAM's at the surface of cells in 
such collectives is coordinated with movement, division, and cyto- 
differentiation events to yield tissue Datterns. The role of CAM's in 
such processes has been shown at various sites (4),  perhaps most 
dramatically in the processes of feather morphogenesis in which 
perturbation of CAM interactions led to marked changes in the 
periodic pattern of feathers in the skin as well as in the structure of 
feather precursors (5). 

The neural cell adhesion molecule. N-CAM. is the best character- 
ized CAM, and at least five forms of cell surface modulation regulate 
its expression and activity (1). N-CAM binding is hornophilic (N- 
CAM on one cell binds to N-CAM on another) and small changes in 
its surface density lead to large changes in binding rates (6): The 
amount of N-CAM expressed (prevalence modulation), its asym- 
metric distribution on the cell surface (polarity modulation), and its 
expression relative to other adhesion molecules (differential preva- 
lence modulation) all may influence patterning during development. 
The structural results described below emphasize the significance of 
two additional types of modulation: posttranslational modifications 
of the molecule (chemical modulation) and differential splicing of 
messenger RNA's (mRNA's) encoded by the single N-CAM gene 
leading to N-CAM molecules either with different modes of attach- 
ment to the cell membrane or different cvto~lasmic domains. 

2 1 

N-CAM undergoes a number of posttranslational modifications 
that could modulate its expression and activity including addition of 
asparagine-linked oligosaccharides (3, phosphorylation of serine 
and threonine residues in the cvto~lasmic domains 18-10). fattv acid , L ,, 4 

acylation ( l l ) ,  and sulfation of asparagine-linked oligosaccharides 
(8). Outstanding among these modifications, however, are develop- 
mentally regulated and functionally significant alterations in the 
amount and distribution of a-2,8-linked polysialic acid (12-15), an 
unusual carbohydrate in a protein of vertebrate origin. The polysial- 
ic acid is attached to asparagine-linked oligosaccharides in the . - 

central portion of the molecule, outside the Gina terminal binding 
region (7, 16). Although it does not participate directly in homo- 
philic binding, this negatively charged carbohydrate is present in 
largest amounts in N-CAM from early embryonic cells and decreases 
with age in a tissue-dependent manner with a concomitant increase 
in N-CAM binding (6, 17). 

The three prominent polypeptides of chicken N-CAM (Fig. 1A) 
appear to be identical from their amino termini to the region where 
they are associated with the membrane (7, 9, 18, 19). The two 
largest polypeptides are integral membrane proteins with substantial 
cytoplasmic domains. The larger of these (Id, large cytoplasmic 
domain polypeptide) contains 261 additional amino acids (20) in its 
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cytoplasmic domain that are not present in the smaller (sd, small 
cytoplasmic domain polypeptide). The smallest polypeptide (ssd, 
small surface domain polypeptide) lacks the membrane spanning 
region of the Id and sd chains; analysis of complementary DNA's 
(cDNA's) reveals a different hydrophobic segment and no cytoplas- 
mic domain for this chain (21). The ssd chain thus resembles other 
cell surface molecules that are attached to membranes by phosphati- 
dylinositol-containing anchors (22). In accord with this hypothesis, 
the ssd chain of N-CAM, but not the Id or sd chain, is released from 
the cell membrane by phosphatidylinositol-specific phospholipase C 
(21, 23). 

All of these N-CAM polypeptides are derived by alternative 

Fig. 1. Diagram of N-CAM polypeptides (A), cDNA clones (B) and the N- 
CAM gene (C). (A) The large cytoplasmic domain (Id) polypeptide contains 
an insert (open bar) not present in the small cytoplasmic domain (sd) 
polypeptide (28) although both contain identical membrane (stippling) 
spanning segments (closed bar), some common cytoplasmic sequences and 
identical carboxyl termini (18). The small surface domain (ssd) polypeptide 
lacks the membrane-spanning region and is attached to the membranes via a 
linkage (zigzag line) sensitive to phosphatidplinositol specific phospholipase 
C (21,23) [adapted from figure 5 in (21)]. (B) Clones pEC208 and AN151 
include the regions that distinguish the polypeptides frorn each other, 
whereas clones pEC254 and pEC120 complete the 5' end of the coding 
sequence for the region common to all three polypeptides and extend the 3' 
sequence through a large untranslated region common to the Id and sd 
mRNA's. The region of AN151 which diEers frorn pEC208 is indicated by a 
wavy line. (C) The N-CAM gene in the chicken contains at least 19 exons 
(dark bars) spliced in various combinations (thin lines) (25). Exon 1 includes 
the amino terminus of all three polypeptides. Exons 1 to 14 are shared by all 
three polypeptides (Id, sd, and ssd). Exons 16, 17, and 19 appear in the 
mRNA's for the Id and sd chain, but not in the ssd chain. Exon 15 occurs 
only in the ssd mRNA and exon 18 is only in the Id mRNA [adapted from 
figures 2 and 5, in (25)]. (C) is not drawn to the same scale as (A) and (B). 

mRNA splicing from a single gene (24, 25), which is on chromo- 
some 9 in mice (26) and on chromosome 11 in humans ( 2 3 .  The 
coding region of the chicken N-CAM gene contains at least 19 
exons (25) spanning more than 50 kilobases (kb) (Fig. 1C). 
Fourteen exons are common to the three major polypeptides, and 
the individual chains thus arise by alternative splicing of the 
remaining five. Additional noncoding exons are located 5' to exon 1 
and will probably extend the size of the N-CAM gene to more than 
70 kb. At least four N-CAM mRNA's have been detected. One (6.8 
to 7.2 kb) codes for the Id chain (28), another (6.2 kb) specifies the 
sd chain (20), and the remaining two (4.2 and 6.0 kb) are detected 
by probes presumed to be specific for the ssd form (21). 

CTGCAGGGGGGGGGGGGGGGGGGGGGGGGCGGTGCTGCGGCGCTGTCAGTCAGCGGCGGCGGCGCCGGAGGCGGCCGGGGCGCAGCGGGCGGAGCGGGGACACGCGCGGAGCGGAGCGGA 120 
P s t I  H a e I I I  

GCGGAGCGGCGCGAAGGGGACGCGGGGCAAAAACGGGAAGATCCATCCGGAGGGCCGCGTGGTGCTCCGCCCGCACGGAACGGCTATTTCGGAGCGGCCCCTCTCGCCCCCCCGCCGGCT 240 
L)pEC265 H a e I I I  H a e  I  I  I  

M L P A A A L P W T L F F L G A A A S , L Q V D I V P S Q G E I S V G E S K F F  
GCGATGCTGCCCGCCGCCGCGCTGCCCTGGACGTTGTTTTTTCTCGGAGCCGCAGCCTCTCTACAAGTGGATATTGTTCCAAGTCAGGGAGAGATCAGCGTTGGAGAATCCAAGTTCTTC 380 

3 0 4 0 5 0 6 0 
L C Q V A , G E A K Y K D I S W F S P N G E K L T P N Q Q R I S V V R N D D F S S  

TTATGTCAAGTGGCAGGGGAAGCCAAATACAAAGACATTTCCTGGTTTTCCCCTAACGGTGAGAAGCTGACGCCCAACCAACAGCGCATCTCAGTGGTGCGMACGATGACTTCTCCTCC 480 

T L T I Y N A N I D D A G I Y K C V V S S V E E G D S E A T V N V K I F Q K L M  
ACCCTCACCATCTACAACGCCAACATTGATGATGCTGGCATCTATAAATGTGTTGTCAGCAGCGTGGAGGAGGGAGACTCTGAAGCCACCGTCAATGTGAAAATTTTCCAAMGCTCATG 600 

Fig. 2. Nucleotide sequence of pEC254. The cDNA synthesis was primed 
with an oligonucleotide complementay to a sequence (boxed) near the 5'  
end of pEC208, dG residues were added, and the cDNA was inserted into 
oligo(dC)-tailed pBR322 (24,29). The resulting libray yielded a number of 
N-CAM clones, the largest of which was pEC254. The nucleotide sequence 
of the large Pst I-Pst I fragment (nucleotides 1 to 768) of the cDNA insert 
of pEC254 was determined by dideoxyt~ucleotide (71) and chemical degra- 
dation (72) sequencing techniques as previouslp described (18). Eco KI 
(GAATTC), Pst I (CTGCAG), and Hae I11 (GGCC) sites are indicated. The 
sequence determined from nucleotides 625 to 768 (shaded box) is identical 
to that at the 5 '  cnd of pEC208. The sequence of thc region enclosed in 

brackets (nucleotides 769 to 3' end) was not determined directly, but is 
based on the sequence of pEC208 and the methodology used in the 
construction. The sequence of pEC265, which was obtained from a bacteri- 
ophage isolated from the A g l l  libray constructed frorn the same cDNA, 
begins at a synthetic Eco KI linker attached at nucleotide 136 and terminates 
at the Eco KI site at nucleotide 625. The amino terminus (NH2) of the N- 
CAM polypeptides is designated amino acid 1; the presumed signal sequence 
(SIG) begins at amino acid - 19. Solid arrow underlines indicate amino acid 
sequences determined by protein chemical analysis of the intact polypeptide 
and of a CNBr fragment that began at residue 101. 
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We now report the complete primary structure of chicken N- 
CAM as deduced from cDNA sequences. We relate this structure to 
N-CAM binding and to the modulation of its expression and 
activity by changes in polysialic acid as well as in alternative RNA 
splicing. The complete structural analysis further corroborates the 
homology between N-CAM and members of the immunoglobulin 
superfamily, particularly the myelin-associated glycoprotein. 

Sequence of cDNA Clones 
The sequence of the N-CAM cDNA clone (pEC208)) which 

extends from a natural Eco RI site within the N-CAM coding 
sequence through the carboxyl terminus of the Id and sd chains and 
into the 3' untranslated regions of the mRNA for these two chains 
(Fig. lB), has been reported (18). More recently, the sequence of a 
cDNA clone (hN151) that may encode the ssd chain was described 
(21 ) .  

The DNA sequences have now been extended in the 5' direction 
to include sequences encoding the amino terminus of the polypep- 
tides, a presumed hydrophobic signal sequence, and a noncoding 
region. The sequence of a cDNA clone corresponding to the large 3' 
untranslated regions of the mRNA's for the Id and sd chains has also 

been determined. These results provide the complete amino acid 
sequences of the three major polypeptides of N-CAM and most of 
the nucleotide sequence of their mRNA's. 

To obtain cDNA clones corresponding to the 5' regions of the N- 
CAM mRNA's, we used an oligonucleotide complementary to a 17- 
bp sequence located 164 bp from the 5' end of pEC208 to prime the 
synthesis of cDNA for libraries in both pBR322 (24, 29) and hg t l l  
(30, 31). These libraries were screened with a probe derived from 
the 5' end of pEC208. The largest clone (pEC254, obtained in 
pBR322) was sequenced from its 5' end to nucleotide 768; this 
region included an overlap of 144 nucleotides with the 5' end of 
pEC208 (Fig. 2). Clone pEC254 codes for 187 amino acids (Figs. 1 
and 2) that include the known amino terminal sequence of all three 
polypeptides (7, 19). This sequence is preceded by an apparent 
signal sequence that begins at an ATG initiation codon; the 
proposed site of cleavage of the signal sequence is identical to that 
predicted by the empirical rules of von Heijne (32). Preceding this 
sequence is an additional -215 bp of apparently noncoding DNA 
sequence. An Eco RI fragment of the largest cDNA clone obtained 
from the hg t l l  library was also subcloned (pEC265) and se- 
quenced. It extends from nucleotide 136 of pEC254 (Fig. 2) to the 
natural Eco RI site at nucleotide 625. 

Neither pEC208 nor pEC254 contained the sequences of our 

- 92 
TCGAGTTTGAAATATGTAAAGCCTCATAAATAAGTTATAATTTCTG'TCACCTTGTGTTCAGTATGCAAAGTGTCGTGAGCATTTTGTGGC AATTC CCT 

b o  1 0  -1 
CGTTAGACATTGATTTTGGGGTTTATTATTTTTGTTAGGAAGAATGccAAAATTGcAGcTTcGGGGGATGTATTTcAATTTGAGTATTcAGACTcTAcATTTcTTTAAATTTTATGTTA 1.10 

ATTTTTGCCAACTTTTGTTCT,CTCCAGTGTTTACAATTGACATTTTTTTAACTTTTGTTGTGTTTAAATGTATTTGTAAAATAGCTGCCTTTTTTTT.AAGTAAATCCAGACTCTAGCTA 2 5 0  

CTAGGTTAGCAGCATGCTTGCTTTGCAAAGGGAGACATTTTGAAATATCGATGTTTACAGTAGTTTCCCCCTTTATCTTTTTTAATTATTATTATTATTATAATTATTATTATTATTTCT 3 7 0  
TO- + - - - - - - - - - - - A  - - - - - - - - -  4 

TACTGGAGTAAGAAAAAAGAGTAATGCTGGTCTTTGGTTTGTTTTAGGGGGGTGGGGCGTGGGGAATATTCCAACCACTTGTCACCAATCGAGGTCTGTATCCAGCAATCCACATAAACA 4 9 0  

CACTTCACTTTGAACGAGAGAGTTGCTGGAGAGAGTTTCCTTATATACTTAAATTTATTAAGAGTGTAAGCCCTTGCTGGACCTGGGCCTGAATGCATAAGAAAAATATCATCTCTGCTT 6 1 0  

TTTTAGGACATTCTTCTCTTTCCTTCATGGAACCCTCCCAGAGCTTTGAGAAGCAGAAGAGGGATTGTACAGTTAGGGCTGGGCTGGTCTTGTCTCCACTGTTTGACTACATCCATTTCT 7 3 0  

TGCTCTCATGTGGGTGATGTTCATCAGCAGCAGAGGGTGCTTGGCAGCATGCAGGTGTCCTTACTCATTGCAGGGAAGTTGGACTAGATGACCCTTAAGGGTCCCTTCCAACCCAAACGATTC 9 7 0  
L - - - - - - - - - - - - - - - - - - - - - - -  B - - - - - - - - - - - - - - - - - - - - - - - -  

TATGACTCTCCATAAGACCCCTTCTGCAAAGTCAGCTCCAGCACATTGTTCTGATAAGTCATCCGTGTATGCTTGCATCATCCAGCGATGTATCCATGGCTGAGTGTTGGCATCAGTGC 1 0 9 0  
- - - - - - A  

CAACGCTCCCATTGAATGTCCCTGCTCTTCTCATCAATGCTTTTAGCAGTCAGAGAAAGTGGCTGATGTCACACATGCGTTGTTGTGGTCGTCACTGGGAGTCATGGAGTAACACTGAGA 1 2 1 0  

C T T C A G G G T G G G A A G A A G A G A A G G T T G A G C A G C A G G A A G G C A G A G G A A G A C C A C C C A T T G T A T A G G T G C T C C T T C T C T G G G T T T T G C T T T G T T T G T T T T T T T T T A T T T T C C A T T  1 3 3 0  

L-+ pECOOl 
CTTTTTTTTTTTTTTTTTTCTACTTTAGATCTGCAAGCTTGTGCACTGTGGGTTCGTGACTTTTAGTGTGAAACGTTGTTTTTTGTCATAGTATTGAAATTAATTGAAAAAAAAAAAAG 1 4 5 0  

H I C ~ I U  
CTTCAACATAGTTTGGATGTGGAAGGTGTAGCGGATAGGTCAGATTTAAAATATATATATTCAGGAAAAAAAAAAAGAGAACAACTTCTAGGAGGAACACAAGCTTTAAATGACAAACC 1 5 7 0  

CGAGCTGATGATGGCATCATTGCATCGCGCCATGGGGACGAGCAGAAGGGTGATGGGGTTGGGGAGATCATGCTTGGCTCGGGTGAACTAAGTCTTAACTTGTGTGTCCTTCTGAGT 1 6 9 0  

ATGCAGTCTTTTACAGTGGCATCACATGATTTCAAACAGTGTAAAACAGTGGTTTTGTCATTTGCTAAGTGTGGGGTTTTTGCATTTTTTCCTCAGCTC?TGGGGATGGAAGTCGAGGAT '+ pEC020 
GGCTGGCTATGCAGGCACAGACACTCAGGCAATACCATCCCAGGCAGAACAGCAGGGCAGGACAGGTTCCCACTTGAGAGCCTTGTGTCAGATTCCAGCCCATGCTTGACCCATGACAGC 

~ E C O O I  4 
AGCGTTGATGTAAGTAAGGCGAATTTGGTCCGTGGTCCCTAGGACCTTATATATCAATGCCTCCCCGACGCAGCAACAGGAGCAAACGCTGCTTCAGGCGCAGTGACCCGGAGTAATGTC 

D E C 0 2 0  d 
C A ' A G T G ~ ~ A C T G A T C A G G A C C C A T T G G G T G G C A C T G T G G T G G ~ T G T ~ A ~ ~ ~ A G A ~ T G G T G T T T ~ T G ~ ~ A T G T A A G G ~ ~ A ~ ~ A G ~ ~ ~ A ~ G G G ~ ~ ~ ~ A T ~ ~ A G ~ A ~ ~ ~ G G ~ ~ G T T ~ G T ~ A ~ A  

GTGCCCGGTACCTGCTGGGTTGTGTCCTGTGGATGGAGCCTCTGTGCTGCTCCCTTAGTGCCCCTGTGACCTCCCCATCCCGCAGGAACCCTTAGATTAATTTTGGAGAGTGTTTTTATA 

CTTGCCCTTAATGGAGAATAATTTGTTTTAACTTATAAATATCCCATTCCCAAGGTAGCTTAGGCTTCATTGCTTTTATTTAAACCTTTGAAGAGGGACCAACCT(;ATGCCGTTTGCGCT 

GTATATGTTTATATATGTATCCATGCCATACATATATATATCTATATGGCAACTCAGACTGATCAGCTTCTAGTTGTGGAGTGACATTTCATGCTGCACCATACGTAACGATGATGAGGT 

AATAGTGCATCCAGTTGTTCAGCTTTTAGAGTGGAATTTTATTTTCACACTTTTCTATGGAGCCTTCAAACCCCAGGTTTTCACACTAGGCTGTTTTGATAGTTGTTCTCAGACCTCCAC 2 6 5 0  

TGTACATCCTGTACCCAGCATTCCCTACTTTTGGGGGCCTTCTATCTTGTTAAAAAAACAAAAAAACAAAAAATCTTTTTACCGAGTGAAACATCAGTTCCACCTTTATTCCCATTCTCA 2 7 7 0  

Fig. 3. Nucleotide sequence of pEC120 (residues 1 to 2878), which contains 
most of the 3' untranslated region of the Id and sd mRVA's. Two fragments 
of pEC120 produced by cleavage with Hind 111 at residue 1448 were 
subcloned into single-stranded M13 bacteriophage in both orientations. A 
series of smaller fragments generated from these clones by the deletion 
method of Dale et al. (73) was sequenced by the dideoxy method (71). The 
relation between pEC120 and pEC208 was determined by sequence analysis 
of a Taq I-Taq I fragment, derived from genomic clone XCN7 (25), which 
spanned the single natural Eco RI site at residue 1 (boxed). The locations of 

pECO0l and pEC020 (24) within pEC120 are indicated by arrows. 
Comparison with sequences represented in the GenBank database reveal two 
repetitive sequence elements in pEC120, an i\?T repeat (dotted line A) and 
a region (dotted line B) that is strongly homologous to the CR1 chicken 
repetitive sequence. Two potential poly(A) consensus sites (boxed) are 
located at residues 804 and 2835. The arrow at residue 2869 indicates the 
point at which the cDNA sequence diverges from the genomic sequence 
(25), implying that this is the polyaden!~lation site. 
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original N-CAM cDNA clones pECOOl and pEC020 (24). Screen- 
ing hg t l l  libraries by hybridization with pEC001 and pEC020 gave 
a clone (pEC120) (Fig. 1B) that included both the pECOOl and 
pEC020 sequences but none of the pEC208 sequence (Fig. 3). The 
2878-bp sequence of pEC120 terminated at a natural Eco RI site at 
its 5' end and had no open reading frame, suggesting that it 
corresponds to a 3' untranslated region throughout its length. To 
determine the relation between pEC208 and pEC120, a Taq I 
subfragment that hybridized with both pEC208 and pEC120 was 
isolated from an N-CAM genomic clone, hCN7 (25). Sequence 
analyses of this fragment showed that it contained a single Eco RI 
site. The 92 bp extending 5' from this site were identical in sequence 
to the 3' end of pEC208, and the sequence extending 3' from this 
site was identical to the presumed 5' end of pEC120 for at least 170 
bp, confirming that the pEC208 and pEC120 sequences are adja- 
cent in the N-CAM mRNA. 

Near the 3' end of pEC120 there is an AATAAA consensus 
polyadenylation signal that is followed, after 23 bases, by a stretch of 
15 A residues. Only the first five of these A residues were found in 
the sequence of the genomic clone (25) corresponding to this 
region, suggesting that the remaining residues were added posttran- 
scriptionally. Another potential poly(A) addition sequence was 
located approximately 2 kb upstream from the 3' end of pEC120 
(Fig. 3); there is as yet, however, no evidence to suggest that this 
site is used. 

The plasmid pEC120 contains a region (residues 898 to 979) that 
is 79 percent identical to a portion of the chicken middle repetitive 

sequence element CR1 (33, 34). CR1 flanks several chicken gene 
complexes, the two copies being present in opposite orientations; it 
has been suggested (34) that CR1 may play a role in determining the 
availability of chromatin for transcription. The CR1-homologous 
region in pEC120, however, is in the opposite orientation to that 
observed in the 3' end of other genes and may thus serve another 
function. Also, pEC120 contains many short stretches of redundant 
sequences. For example, residues 332 to 365 consist of repeated 
A?T residues, a structural feature that has been observed in the 
mouse gene for glial fibrillary acidic protein (35) and also flanking 
one clone of the mouse PR1 middle repetitive sequence (36). The 
significance of these similarities is unknown. 

Amino Acid Sequence 
The complete amino acid sequences of the Id, sd, and ssd chains of 

N-CAM as deduced from the nucleotide sequences of hN151, 
pEC208, and pEC254 are summarized in Fig. 4. The reading frame 
and portions of the sequence of pEC208 were previously verified by 
amino acid sequence analyses of CNBr and proteolytic fragments of 
the molecule (1 8 ) .  Additional fragments from this region and from 
portions of the molecule represented in pEC254 have now been 
sequenced by protein chemical techniques, and these data are 
indicated by solid underlines in Fig. 4. In all cases there is excellent 
agreement between the protein sequence and the cDNA sequence. 
We have detected only aspartic acid at position 4 and not the 

5 0 0  5 2 0  5 4 0  

P S S P S I D R V E P Y S S T A R V E F D E P E A T G G V P I L K Y K A E W R A L G E G E W H S R L Y D A K E A N V E G  

Fig. 4. Con~plete amino acid sequence of N-CAM 
[single letter code (74)l .  The hydrophobic, pre- 
sumptive membrane-spanning segment is indicat- 
ed by a bar. The Id chain-specific residues are 
boxed (20). The residues coded for only by the 
ssd mRNA are shown on a separate line and 
include the carboxyl terminus of this chain (21); it 
is not pet clear whether some or all of these are 
removed during attachment of the oresumed 

7  4 o 7  6 o phosphatidylinositol-containing anchor (21, 22). 
G L  LM,CI  A V N L ~ G K - S _ G _ ~ _ G - A - K E ; ~ D M ~ _ E - G _ K _ A A F  SKgESKEP I V E J R T E E E R T P N H D G G K H T E P  Cysteines are in larger type and presl~nptive 

I a " n  ~ 9 n  R 4 o 1 disulfide bonds connecting them are indicated. 

9 2 0  9 4 0  1 denotes p ~ e ~ i ~ ~ ~ l y  reported protein sequens I i s u p r * v L r  P s  r u ~ s M ~ E T s K ~ ~ m ~ * p T p A s L T s  PPApsEpKQEvs sTKspEKE** data 118): solid underlines indicate new protein 

" " "  " - "  

H T A D T A A T v E D M L P s v T T G T T N s D T I T E T F A T A Q N s P T s E T T T L T s 1 A - 
8 8 0  , 8 6 0  

P A T A I P D S N A M S P G Q A T P A K A G A S ~ V ~ ~ ~ ~ ~ ~ ~ T ~ K V A ~ L ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ L ~ ~ ~ V  

Potential attachment sitesYfor asparagine-linked 
oligosaccharides are denoted by open circles and 
those tha t cou ldca r ry thepo lys i a l i c ac ida re  
indicated by closed circles. Dashed underlining 
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9 8 0  1 0 0 0  I o 2 o 
Q P S T V K S P T E T A K N P S N P K S E A A S G G T T N P S Q N E D F K M D E G T F K T P D I D L A K D A A  

data. 'Ch'ernical analysis indicates that the aspara- 
gineindicatedbythecrosswithinacircle(resid~e 

1 0 4 0  1 0 6 0  1 0 7 2  
203) probably contains covalently bound carbo- 

T T P ~ S V A S G Q A R E L A S  S T ~ D S  S V P A A P A K T E K T P V E D K S  E , V ~ ? A ~ T - % I R H L Q Q K  hydrate but the asparagine at residue 207 proba- 
bly does not. 



mixture of aspartic acid and glutamic acid reported for bovine N- 
CAM (19). 

The cDNA sequence defines polypeptides of 115,467 daltons 
(Id), 89,625 daltons (sd), and 78,273 daltons (ssd), considerably 
smaller than the apparent molecular sizes of 160 kD, 130 kD and 
110 kD, respectively, as measured on SDS-PAGE (polyacrylamide 
gel electrophoresis) for the polypeptides free of asparagine-linked 
oligosaccharides (7, 13). Nevertheless data from several sources 
indicate that the sequences account for the entire polypeptides. 
Clones pEC254 and pEC208 overlap, and each has been sequenced 
numerous times in both directions with no apparent gaps. Indepen- 
dent clones comparable to pEC208 and pEC254 have been isolated, 
and clones containing the 5' sequences were obtained from both the 
Agtll and pBR322 libraries. All amino acid sequences that have 
been obtained from fragments of N-CAM are included within 
pEC254 and pEC208. The size of the mRNA predicted for the Id 
chain (7  kb) is in excellent agreement with the size of the largest N- 
CAM mRNA (6.8 to 7.2 kb) and the size of the sd mRNA deduced 
from the cDNA's (6.2 kb) agrees with the observed value of 6.4 kb. 
The AN15 1-specific mRNA's (4.2 and 6 kb) (21) are larger than 
predicted from the cDNA sequence (3.0 kb), however, suggesting 
that additional sequences (most likely in the 3' untranslated region) 
remain to be isolated for these mRNA's. 

Further evidence that the deduced sequences account for the 
complete amino acid sequences was obtained by translation of 
mRNA synthesized in vitro from DNA constructions containing the 
coding sequences for the Id chain (Fig. 5) (37). The largest major 
translation product migrated with a molecular size of 150,000 
daltons, comparable to the corresponding carbohydrate-free Id 
polypeptide and considerably larger than the size predicted 
(1 15,467 daltons) from the sequence of the cDNA. One-dimension- 
al peptide mapping (Fig. 5, lanes 5 and 6) verified that this 
component contained N-CAM sequences. Additional components 
similar to those observed previously after in vitro translation of 
native mRNA (24) also were imrnunoprecipitated by antibodies to 
N-CAM. Calculations from the amino acid sequence suggested that 
the smaller components could have arisen by initiation at internal 
methionine residues. Similar constructions with clones encoding the 
ssd chain (predicted size 78,272 daltons) yielded a major polypep- 
tide of 103,000 daltons. Other proteins, for example, c-myc (38), 
integrin (39), thrombospondin (40), and the LDL receptor (41), 
whose apparent molecular size on SDS-PAGE is larger than that 
predicted from the cDNA sequences have been reported, although 
the extent of difference varies. Such differences may reflect unusual 
features of specific sequences or more likely they may reflect as yet 
undefined variables in estimates of molecular weight by SDS-PAGE. 

Potential N-CAM Binding Regions and 
Oligosaccharide Attachment Sites 

N-CAM binding activity has been localized to a fragment (Frl, 
apparent molecular size 65 kD) that contains the amino terminus 
but lacks the bulk of the sialic acid (7); it thus should not extend 
beyond residue 400. A monoclonal antibody (anti-N-CAM 1) that 
detects determinants in Frl and blocks cell adhesion (42) was used 
to purify a chymotryptic peptide (>5 kD) that began at residue 183 
and extended at least to residue 208. A second monoclonal antibody 
(anti-N-CAM 11) that blocks cell adhesion detects a fragment (23 
kD) smaller than Frl. This smaller fragment includes the amino 
terminus of N-CAM, but does not react with monoclonal anti-N- 
CAM 1; it also includes the portion of N-CAM that binds heparin 
and presumably heparan sulfate (43,H). These results suggest that 
two regions contained within the first three disulfide loops are 

Fig. 5. In vitro expression of the 1 2  3 4 
N-CAM Id polypeptide. Con- 
structions containing full-length 200 
Id coding sequences were tran- - 11 

scribed and translated in vitro - s 
30 - 

(37). Total translation products gz.5 
(lane 1) and translation products 
that were precipitated with rabbit 69 

antibodies to chicken N-CAM 14.3 - 
(lane 3) or nonirnmune rabbit 46 - n* 
IgG (lane 4) were subjected to 
electrophoresis in the same 7.5 
percent polyacrylamide gel, treat- 30 
ed with Enhance (New England I 

Nuclear), and exposed to x-ray 
film. For comparison, ["Slmethionine-labeled N-CAM was immunopreci- 
pitated from tunicamycin-treated 10-day embryonic chicken brain cells with 
the monoclonal antibody anti-N-CAM 1 (7)  and run on the same gel (lane 
2); the Id and sd chains are indicated. Bands corresponding to the Id chains 
of lanes 1 and 2 were excised from similar gels and subjected to partial 
proteolytic digestion (75) with 0.5 kg of St1'pCzykus aureus V8 protease; 
the digestion products were separated on a 15 percent polyacrylamide gel (7 )  
and were detected by autoradiography. Lanes 5 and 6 correspond to digests 
of material equivalent to the Id bmds in lanes 1 and 2, respectively. 
Migration positions of molecular size markers (kD) are indicated at the left 
of lanes 1 (for lanes 1 to 4) and 5 (for lanes 5 to 6). 

involved in N-CAM binding. Monoclonal antibodies affecting N- 
CAM binding at two distinct sites in Frl  have also been reported by 
others with (43) and without (45) supporting sequence data. 

The CNBr fragment that contains most, if not all, of the N-CAM 
polysialic acid (16) was isolated by repeated gel filtration on 
Sephacryl S300 in 0 . M  ammonium bicarbonate. The partial amino 
acid sequence of this fragment was identical to that of N-CAM 
residues 380 to 396 (Fig. 4), supporting the previous conclusion 
(18) that the polysialic acid is on one or more of the three 
asparagine-linked oligosaccharides at positions 404, 430, and 459. 
Other evidence suggests that not all of the other four potential sites 
(residues 203, 207, 296, and 328) are glycosylated. Repeated 
sequence analysis of residues 203 to 220, for example, gave little 
asparagine at position 203, but asparagine was obtained in good 
yields at position 207, suggesting that oligosaccharide is attached at 
position 203, but not 207. 

Internal Homology and Homology with 
Other Proteins 

N-CAM shares many features with immunoglobulins (Ig's). The 
sequence of pEC208 revealed four contiguous segments of about 
100 amino acids, all homologous to each other and to Ig domains 
(18). The complete sequence reported here reveals that there is a 
fifth such region (Figs. 4 and 6). Moreover, as in Ig domains, each 
of the five regions in the complete sequence of N-CAM contains a 
pair of cysteines that are spaced 50 to 56 amino acids apart. Because 
there are no interchain disulfide bonds or free SH groups in N- 
CAM (42), each pair of cysteines in the homology regions probably 
forms an intrachain disullide loop (18) as they do in Ig domains. In 
support of this proposal, gel filtration and SDS-PAGE of individual 
Ig-like domains of N-CAM (obtained by CNBr cleavage) indicated 
that the domains were not linked to each other by disulfide bonds, 
so that the two cysteines within each homology region should be 
disulfide-bonded to each other. Another characteristic of Ig domains 
(46,47) and closely related molecules such as ~z-microglobulin (48, 
49) is extensive P structure. Alternating hydrophobic and hydro- 
philic residues usually found in such structures are seen in the areas 
around the conserved residues in the N-CAM sequence (Fig. 6). 
Preliminary circular dichroism studies of the N-CAM protein 
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indicate that N-CAM also contains P structure in the region 
represented by Frl ,  which includes four of the five Ig-like homology 
regions (50). 

Several observations suggest that the N-CAM gene diverged from 
the precursor of Ig genes before the divergence of variable and 
constant regions from each other. The N-CAM homology regions 
have characteristics of both variable and constant regions: the size of 
the regions (about 100 amino acids) and the distance between 
cysteinis (50 to 56 residues) are comparable to Ig constant regions, 
but the N-CAM amino acid sequences more closely resemble those 
of Ig variable regions, particularly in the characterist~c D-X-A(G)-X- 
Y-X-C sequence around the second cysteine (51, 52). There are 
seven residues that are conserved in all five N-CAM segments (Fig. 
6) that also are highly conserved in Ig variable regions (51, 52). In 
addition, the aligned arginine and lysine residues at position 49 may 
correspond to those that are conserved at similar positions in Ig 
variable regions (52). The notion that the N-CAM precursor 
diverged early in evolution from the Ig precursor is also supported 
by the exon structure of the N-CAM gene (Figs. 1 and 6). Each of 
the five homology regions in N-CAM is specified by two exons (25), 
in contrast to the homology regions of previously known members 
of the Ig superfamily, which are specified by a single exon. This 
observation is consistent with previous hypotheses (53, 54) that Ig's 
may have evolved from a precursor gene smaller than that needed to 
encode an entire domain. Recently, it has been shown that the 
lymphocyte T4 proteln, which is homologous to the Ig superfarnily, 
is also specified by two exons (55, 56). Both N-CAM and the T4 
protein would thus appear to resemble more closely the Ig precursor 
than other known members of the Ig superfamilv. 

Among the members of the Ig sup&fa&ly, the myehn-associated 
glycoprotein [W4G (57-59)] and Thy 1 antigen (60) are notewor- 
thy because, like N-CAM, they are found in the nervous system. The 
sequences of N-CAM and Thy 1 are no more closely related than are 
N-CAM and other members of the extended Ig superfamlly. 

However, MAG is more similar to N-CAM in both overall structure 
and sequence. Like N-CAM it has five consecutive regions of about 
100 amino acids each with potential disulfide loops. Three of these 
regions are homologous to each other and to N-CAM and, of these, 
nvo are more similar to N-CAM (25 and 29 percent identity) (57, 
58) than N-CAM is to other members of the Ig superfamily (15 to 
23 percent identity). Moreover, there appear to be two forms of 
MAG with differing cytoplasmic domains that result from alterna- 
tive RNA splicing (58). These results are consistent with proposed 
roles for MAG (57-59) and (less persuasively) for Thy 1 (52, 60) as 
mediators of cell adhesion. 

Other nonirnmunoglobulin-like molecules have some weak simi- 
larities to N-CAM. In nearly all of these cases, however, the 
similarity extends for only a few residues. For example, the GPIIb 
protein of the platelet aggregation system and the apparently related 
LFA- 1 and Mac- 1 molecules from leukocytes have modest similarity 
with the first 15 to 20 residues of N-CAM (61), but are also similar 
to a portion of the internal segment in the Id chain (residues 811 to 
820). The significance of such limited similarity to both external and 
intracellular segments of N-CAM is unclear. Limited similarity to 
fibronectin (18) also has been detected, but this too spans only 
about seven residues in the center of N-CAM (residues 543 to 549). 
Aso, N-CAM does not contain R-G-D (62) or R-E-D-V sequences 
(63) involved in the cell-binding activity of fibronectin. 

Evolutionary and Functional Considerations 
The complete amino acid sequences of the Id, sd, and ssd 

polypeptides (Fig. 4) provide a firmer basis for describing N-CAM 
function. Outstanding among the structural features is the similarity 
of a large portion of the molecule with members of the Ig 
superfamily, many of which have recognition and binding functions. 
By analogy with these molecules, the results presented here suggest 

1,2 3,4 5,6 7,a 9 , l o  11 12 13 14 16 17 18 19 

I 

NH2 COOH 

15 

Fig. 6. (A) Alignment of the five internally homologous segments (I to V) 
common to the Id, sd, and ssd chains, showing their similariry with each 
other and with members of the Ig superfarnily. Residues are numbered 
consecutively from the amino terminus of the mature N-CAM polypeptides. 
Sequences were aligned painvise initially according to the program FASTP 
(76),  and finally by inspection to give the greatest overall match (18). 
Residues identical in all five N-CAM regions and highly consenred among 
Ig-like proteins are marked with triangles; the cysteines proposed to be 
in\~ol\~ed in intradomain disulfide bonds are indicated by closed triangles. 
Residues identical in nvo or more sequences are boxed. (B) hlodel of N- 
CAM showing homologous loops (I to V) in the regions convv-ion to all 

three polypeptides (open bar). The base of each loop corresponds to the 
proposed intradomain disulfide bond. The cell membrane is indicated by 
stippling and the extracellular and intracellular regions are to the left and 
right, respectively. The membrane-spanning region and carboxyl terminal 
scgment common to the Id and sd chain are indicated by the solid bar, while 
the cytoplasmic domain unique to the Id chain is indicated by the hatched 
bar. The unique segment of the ssd chain is indicated by the open bar and 
dashed line below. Numbers 1 to 19 correspond to exons in the chicken N- 
CAM gene (25) and their relative boundaries in the protein are noted by 
transverse lines [adapted from figure 5 in (25)l. 
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that the amino terminal oortion of N-CAM is folded into five 
relatively compact domains (Fig. 6) that senre its binding activity 
and related functions. It is attractive to consider tu7o related ideas: 
that the specialized functions of Ig superfamily molecules were 
derived from a orecursor involved in cell adhesion and that domain- 
to-domain interactions involving the homology regions are a major 
structural basis of homophilic (6) N-CAM binding. Such domains 
could act directly by pairing with domains of N-CAM molecules on 
apposing cells or could first interact painvise with other N-CAI? 
molecules on the same cell to generate the necessary sites for cell-cell 
interaction 

From previous studies (7), we deduce that the direct binding 
regions should be among domains I to IV (Fig. 6). Because 
homophilic binding (binding between identical molecules from 
apposing cells) requires complementarity, we anticipate that at least 
two such regions are in\~olved. As indicated above, studies with 
monoclonal antibodies are in accord with this hypothesis, which is 
also consistent with the strong evolutionary conservation of N- 
CAM binding function (64). One of the epitopes recognized by a 
monoclonal antibody (anti-N-CAM 1) that inhibits cell adhesion is 
near the disulfide loop of domain 111; the epitope for another 
inhibitory monoclonal antibody (anti-N-CAM 11) is amino termi- 
nal to this. Because of the relatively large size of the antibody Fab' 
fragments, however, such studies obviouslv cannot determine the 
bil;ding regions with precision. 

Unlike the Ig's, there appears to be no variation in the amino acid 
sequences of the binding region of N-CAM that could lead to 
differences in binding specificity. No evidence for extensive poly- 
morphism was apparent in either the cDNA or amino acid se- 
quences, although some single base differences were noted between 
the overlapping sequences of AN151 and pEC208 (21); the few 
differences between the cDNA and amino acid sequences were 
usually at positions where the amino acid sequence data were 
inconclusive. As we have emphasized here, an alternative to the idea 
of differentiation in binding specificities is that the activity of N- 
CAM is regulated by the cells it ligates via a series of cell surface 
modulation events ( I ) ,  apparently triggered by local signals pro- 
duced by developing cell collectives linked by CAI 's  (4, 5). A 
strong example is provided in the fifth homology region which 
carries the polysialic acid that modulates the kinetics of N-CAM 
binding. By charge repulsion and steric hindrance, the long poly- . . 

mers of negative111 charged sialic acid could act cis to alter conforma- " " 
tion and accessibility of the binding region or alter trans binding to 
N-CAM on apposing cells. The sulfation of N-CAM oligosaccha- 
rides (8) couldalso ahd negative charges to this same regon. 

Whereas the extracellular portions of the three N-CAM polypep- 
tides are the sane, the membrane-associated segments and internal 
domains differ as the result of alternative mRNA s~licine. The Id 

1 " 
and sd polypeptides are integral membrane proteins that are mobile 
in the membrane (65, 66) and can be acylated with fatty acids (11). 
The ssd chain does not span the membrane, however, but is attached 
by a phospholipid anchdr (20,22) and as such is probably even more 
mobile at the cell surface. The cytoplasmic domains of the sd and Id 
chains allow them to interact with molecules in the cell cortex and to 
be further modulated by phosphorylation of serine and threonine 
residues. The larger cytoplasmic domain of the Id chain provides 
even more opportunity for cytoplasmic interactions and it also 
contains additional phosphorylation sites. Beyond these carboy1 
terminal sequences, the large 3' untranslated regions of the mKNA's 
for the Id and sd polypeptides may play an important role in 
regulating their expression. 

Although the detailed relationships of these structural diEerences 
to N-CAM expression and activity in morphogenesis are still 
unknown, useful clues may come from pursuing the observation 

that the polypeptides are expressed at different times and places 
during de\relopment. As a result of alternative RNA splicing, the Id 
chain-first appears after neurulation and only on neural tissues (20, 
67) and the &d chain is expressed in significant amounts only later at 
the time of glial maturation (21, 68). In addition to the potential 
role of differential splicing in N-CAhl release from cells, it presurn- 
ably i~lttuences the kobilit)i, relative prevalence, and polarit\~ of N- 
CAM on various cell surfaces as a function of time and cellular 
position and could thus have profound eEects on embryonic 
development. The different cytopLsmic domains might aEect corti- 
cal eveilts involving second messengers or might possess enzymatic 
activity. A related question is whether this form of N-CAM 
modulation senres to link N-CAM binding to other cellular e\ients 
such as cell differentiation, division, growth, and movement. If so, it 
would be a central feature of the global modulation (69) of cell 
surfaces that can accompany such cellular events during the develop- 
ment of pattern. 

Note added inp~ooj Barthels et al. (70) have reported the sequence 
analysis of cDNA clones corresponding to the mouse ssd polypep- 
tide. This polypeptide is identical in length and 85 percent identical - . .  . 

in amino acid sequence to the chicken isd sequence reported here. 
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Cloning of Large Segments of Exogenous 
DNA into Yeast bv Means of 

Artificial ~hromosGrne Vectors 

Fragments of exogenous DNA that range in size up to which clones can be generated is high enough to allow the 
several hundred kilobase pairs have been cloned into yeast construction of comprehensive libraries from the ge- 
by ligating them to vector sequences that allow their nomes of higher organisms. By offering a tenfold increase 
propagation as linear artificial chromosomes. Individual in the size of the DNA molecules that can be cloned into a 
clones of yeast and human DNA that have been analyzed microbial host, this system addresses a major gap in 
by pulsed-field gel electrophoresis appear to represent existing experimental methods for analyzing complex 
faithful replicas of the source DNA. The efficiency with DNA sources. 

S TANDARD RECOMBINANT DNA TECHNIQUES INVOLVE THE 

in vitro construction of small plasmid and viral chromosomes 
that can be transformed into host cells and clonally propagat- 

ed. These cloning systems, whose capacities for exogenous DNA 
range up to 50 kilobase pairs (kb), are well suited to the analysis and 
manipulation of genes and small gene clusters from organisms in 
which the genetic information is tightly packed. It is increasingly 
apparent, however, that many of the functional genetic units in 
higher organisms span enormous tracts of DNA. For example, the 

bithorax locus in D~osqphzla, which participates in the regulation of 
the development of the fly's segmentation pattern, encompasses 
approximately 320 kb (1). The factor VIII gene in the human, 
which encodes the blood-clotting factor deficient in hemophilia A, 
spans at least 190 kb (2). Recent estimates of the size of the gene 
that is defective in Duchenne's muscular dystrophy suggest that this 
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