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Abstract. The neuron-glia cell adhesion molecule 
(Ng-CAM) mediates both neuron-neuron and neu- 
ron-glia adhesion; it is detected on SDS-PAGE as a 
predominant 135-kD glycoprotein, with minor compo- 
nents of 80, 190, and 210 kD. We have isolated cDNA 
clones encoding the entire sequence of chicken Ng- 
CAM. The predicted extracellular region includes six 
immunoglobulin-like domains followed by five fibro- 
nectin-type III repeats, structural features that are 
characteristic of several neural CAMs of the N-CAM 
superfamily. The amino acid sequence of chicken Ng- 
CAM is most similar to that of mouse L1 but the 
overall identity is only 40% and Ng-CAM contains a 
short fibronectin-like segment with an RGD sequence 
that has no counterpart in L1. These findings suggest 
that Ng-CAM and L1 may not be equivalent molecules 
in chicken and mouse. 

The amino-terminal sequences of the 210-, 190-, 
and 135-kD components of Ng-CAM are all the same 
as the predicted amino terminus of the molecule, 
whereas the 80-kD component begins within the third 

fibronectin repeat. The cDNA sequence is continuous 
across the junction between the 135- and 80-kD com- 
ponents, and a single 170-kD Ng-CAM polypeptide 
was isolated from tunicamycin-treated cells. In addi- 
tion, all cDNA probes hybridized on Northern blots to 
a 6-kb RNA, and most hybridized to single bands on 
Southern blots. These results indicate that the Ng- 
CAM components are derived from a single polypep- 
tide encoded by a single gene, and that the 135- and 
80-kD components are generated from the 210/190-kD 
species by proteolytic cleavage. The 135-kD compo- 
nent contains most of the extracellular region includ- 
ing all of the immunoglobulin-like domains. It has no 
transmembrane segment, but it is tightly associated 
with the membrane. The 80-kD component contains two 
and a half type III repeats plus the RGD-containing 
segment, as well as the single transmembrane and cy- 
toplasmic domains. These structural features of Ng- 
CAM provide a framework for understanding its multi- 
ple functions in neuron-neuron interactions, neurite 
fasciculation, and neuron-glia interactions. 

C 
ELL adhesion molecules (CAMs) z mediate a variety 
of cell-ceU interactions that are important both dur- 
ing embryogenesis and in the maintenance of adult 

tissues (18). These cell surface glycoproteins are of special 
interest in the nervous system because they are critical in es- 
tablishing the basic neuroanatomy of an organism, and be- 
cause their action, coupled with activity-driven events, 
influences the organization of functional neural networks. 
CAMs such as the neuron-glia CAM (Ng-CAM; 32, 34) are 
excellent candidates for such functions because they are ex- 
pressed early in the development of the nervous system in 
spatially and temporally restricted patterns. 

Two major families of CAMs are known and both are 
different from cell surface molecules that serve as receptors 
(e.g., integrins; 47) for cell substrate adhesion molecules. 
One is represented by the neural-CAM (N-CAM) (13) and 
mediates calcium-independent adhesion. The other is a 

1. Abbreviations used in this paper: CAM, cell adhesion molecule; L-CAM, 
liver CAM; N-CAM, neural CAM; Ng-CAM, neuron-glia CAM; NILE, 
NGF-inducible large external; PCR, polymerase chain reaction. 

group of calcium-dependent CAMs or cadherins (88) exem- 
plified by the liver CAM (L-CAM) (28). Members of both 
families are found in the nervous system, although to date 
the N-CAM family is much larger. The distinguishing struc- 
tural feature of N-CAM (13, 42) is the presence of five con- 
secutive segments similar to each other and to the individual 
domains of Ig. This initial demonstration of Ig-like segments 
in a CAM prompted the suggestion (17) that the N-CAM 
precursor, consisting of a single or even half an Ig domain, 
was the evolutionary precursor of the entire Ig superfamily; 
this notion is supported by the identification of N-CAM-like 
molecules in insects (31, 83). Subsequently other CAMs as 
well as other cell surface proteins have been shown to have 
the C2-type of Ig domains (95) that resemble those in 
N-CAM. In addition, N-CAM and many of the related mole- 
cules contain segments that resemble the type III repeating 
unit of fibronectin, an extracellular matrix adhesion mole- 
cule (50, 82). 

Recently, several members of the N-CAM family have 
been identified in the nervous system and characterized in 
detail. These include the myelin-associated glycoprotein (1, 
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56, 79), and P0 glycoprotein (57) which contain only Ig- 
like segments, and chicken contactin]Fll (and its murine 
homologue F3) (7, 30, 69), mouse L1 (63), rat TAG-1 (27), 
and the insect molecules fasciclin II (38) and neuroglian (5), 
all of which contain multiple Ig-like domains and fibronectin 
type HI repeats. Earlier data (33, 35) suggested that Ng- 
CAM might also be a member of this family, and this notion 
is confirmed by the results presented here. 

Ng-CAM and N-CAM appear throughout the development 
of the nervous system, but they are distinct molecules as 
shown by a variety of structural, immunological, and func- 
tional criteria. N-CAM is seen on some of the earliest em- 
bryonic cells and in a variety of nonneural tissues, including 
derivatives of all three germ layers (11, 89). In contrast, Ng- 
CAM first appears during neural development and its expres- 
sion is restricted to postmitotic neurons and Schwann cells 
(15, 35, 90). It is involved in both neuron-neuron and neu- 
ron-glia adhesion, as well as the fasciculation of neurites, 
and the migration of neurons along Bergmann glial fibers 
during cerebellar development (25, 34, 35, 43). Ng-CAM on 
one neuron binds homophilically to Ng-CAM on another 
neuron; the molecule can also bind heterophilically to an as 
yet unidentified ligand(s) on glia (33). The distribution of 
Ng-CAM on neuronal cell surfaces appears polarized as de- 
velopment progresses, becoming more prevalent on out- 
growing axons than on cell bodies and dendrites (90). 

Mouse L1 and the NGF-inducible large external glycopro- 
tein (NILE) (78) in rat, which are very similar to each other 
(6, 77), are also similar to Ng-CAM in that all three mole- 
cules have very similar anatomical distributions during de- 
velopment (4, 70, 90) and some antibodies cross-react with 
each. For example, antibodies raised against chicken Ng- 
CAM immunoprecipitated the NILE glycoprotein from ex- 
tracts of rat PC12 pheochromocytoma cells and were used 
to show that expression of this molecule is enhanced by NGF 
(25). 

Despite their similarities, there are differences in the 
structure and activities of Ng-CAM and the rodent mole- 
cules. The most obvious structural difference is that L1 and 
NILE are seen on SDS-PAGE primarily as glycoproteins of 

200 kD (22, 78). Ng-CAM is detected as a predominant 
135-kD glycoprotein with less prevalent components of 80, 
190, and 210 kD (35). Components comparable to the 135- 
and 80-kD Ng-CAM species are seen in L1 preparations in 
small amounts and can be generated by proteolysis (22). The 
135- and 80-kD components of Ng-CAM are antigenically 
distinct but both are related to the larger forms suggesting 
that they are derived from them by proteolysis. The 135-kD 
form of Ng-CAM, however, is significantly more prevalent 
than the other forms both on the surface of chicken cells and 
after isolation, leaving open the possibility that the various 
forms of Ng-CAM are derived from different mRNAs. 

To analyze the chemical structure of Ng-CAM, to define 
the origin of its components, and to determine its relation- 
ship to other CAMs in the nervous system, we have isolated 
and characterized eDNA clones representing the entire cod- 
ing sequence of Ng-CAM. The deduced amino acid se- 
quence indicates that the 135- and 80-kD components are de- 
rived from the same mRNA, and are apparently generated 
from larger species by proteolytic cleavage. The predicted 
protein sequence is most similar to that of L1 but there are 
a surprisingly large number of differences in the two se- 

quences, raising the possibility that they are functionally as 
well as structurally distinct molecules. 

Materials and Methods 

Protein 

Ng-CAM was purified from 14-d chicken embryo brain membranes by 
affinity chromatography using monoclonal anti-Ng-CAM antibodies (32, 
34). Intact Ng-CAM and VS-protease digests of the molecule were resolved 
on SDS-PAGE, and either stained with Coomassie blue (9, 55) or trans- 
ferred to Immobilon (Millipore Continental Water Systems, Bedford, MA), 
stained with Coomassie blue and sequenced (62). Ng-CAM containing all 
four components (Fig. 1) was treated with CNBr (94) and the fragments 
were initially separated by gel filtration on Sephadex G-25. After further 
separation on a C3 column by HPLC, fragments that were homogeneous as 
assessed by SDS-PAGE and silver staining (64) were sequenced. A 40-kD 
CNBr fragment was further digested with trypsin and the peptides were 
fractionated by HPLC; two of these peptides were sequenced. In addition, 
the 80-kD component was isolated by SDS-PAGE on 6% acrylamide gels, 
the band was cut from the gel and treated with V8 protease (9). The resulting 
peptides were separated by SDS-PAGE on 15 % acrylamide gels, transferred 
to Immobilon and sequenced. Amino-terminal sequencing of various intact 
and fragmented forms of Ng-CAM was performed at the Rockefeller 
University Protein Sequencing Facility by automated Edman degradation. 

Immunobiots of protein samples were performed after resolution on 
SDS-PAGE and transferred to nitrocellulose (91). Anti-Ng-CAM antibodies 
were isolated from rabbits after immunization with boiled Ng-CAM (34). 

Biosynthetic labeling of Ng-CAM was performed for 16 h in suspension 
cultures of 9-d chicken embryo brains. Twenty brains were incubated in 
3H-fucose (0.15 mCi) (New England Nuclear, Boston, MA) at 37°C in 50 
ml DME (Gibco Laboratories, Grand Island, NY). The tissue was har- 
vested by sedimentation at 4°C, washed twice with PBS, extracted with 
PBS/0.5% NP40/200 U/ml Trasylol (Mohay Chemical Corp., Pittsburgh, 
PA) and insoluble material removed by centrifugation at 100,000 g for 30 
rain. Labeled protein from the extract was immunoprecipitated with 
anti-Ng-cAM mAb 16F5 (32), resolved on 6% SDS-PAGE and detected 
by autoradiography. Tissue labeling with 3H-leucine (2 mCi) (New En- 
gland Nuclear) was performed in leucine-free DME and treatments with 1 
#g/ml of tunicamycin were begun 6 h before addition of the label to inhibit 
N-linked carbohydrate processing (45). 

DNA 

eDNA libraries were constructed in kgtll from total RNA or poly (A) + 
RNA isolated from 9- to 14-d embryonic chicken brains, cDNA was synthe- 
sized by the RNAse H method (37) using oligo (dT) or synthetic oligonucleo- 
tides as primers. After methylation with Eco RI methylase and S-adenosyl 
methionine, the eDNA was ligated to Eco RI linkers, and then ligated to 
Eco RI~ligested Xgtll DNA (61, 97) and packaged using Gigapack Plus 
(Stratagene, La Jolla, CA). 16 eDNA libraries were constructed in kgtll 
from embryonic chick brain RNA using oligo dT as primers or synthetic 
oligonucleotides generated from Ng-CAM sequence. Several libraries were 
prepared from RNA that had been extensively denatured by incubation at 
65°C and treated with Actinomycin D (51) and methyl mercuric hydroxide 
(61). Three genomic libraries were also constructed. Chicken genomic 
DNA (Clontech, Palo Alto, CA) was partially digested with Sau3Al or Barn 
HI, fragments of 10-25 kb were size selected on 10-40% sucrose gradients, 
ligated into the Barn HI sites of EMBL3 DNA (26, 61), and packaged using 
Gigapack Plus (Stratagene). Three chicken ~,t l l  cDNA libraries prepared 
from adult brain, embryonic cerebellum, and total embryo RNA were pur- 
chased from Clontech. A hgtl0 cDNA library constructed from chicken 
embryo brain RNA was kindly provided by Drs. Joan Levi and Hidesabura 
Hanafusa (Rockefeller University). Antibody screening of the libraries was 
performed as described (96), using polyclonal antibodies against denatured 
Ng-CAM protein which recognize the 210-, 190-, 135-, and 80-kD compo- 
nents of the molecule. Positive clones were isolated to homogeneity, and 
the inserts were excised from ~gtll arms by restriction with Eco RI 
endonuclease. 

cDNA inserts were labeled with 32p-dCTP using the oligolabeling pro- 
tocol of Feinberg and Vogelstein (23), and used to screen Xgfll libraries 
to obtain overlapping eDNA clones. 

For sequence analysis cDNA inserts were subeloned into M13mpl8 and 
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Figure 1. Components of Ng-CAM resolved on SDS-PAGE. Ng- 
CAM from embryonic chick brain was fractionated on 6% acryl- 
amide gels and stained with Coomassie blue. The amino-terminal 
sequence of each component (210, 190, 135, 80 kD) was deter- 
mined after transfer to Immobilon. 

M13mpl9 vectors (Bethesda Research Laboratories, Gaithersburg, MD) 
and sequenced by the dideoxynucleotide chain-termination method using 
Sequenase (United States Biochemical Corp., Cleveland, OH) (80). The se- 
quence of larger inserts was obtained after deletion cloning in M13 vectors, 
prepared by one of two methods: digestion with restriction endonucleases 
which recognized sites in the M13 polylinker and within the insert; or with 
the M13 cyclone cloning system (International Biotechnologies, New Ha- 
ven, CT), which is based on the rapid deletion cloning method of Dale et 
al. (14). 

The polymerase chain reaction (PCR) was used to synthesize cDNA 
clones between pairs of sense and antisense oligonucleotides synthesized 
using protein or DNA sequences in Ng-CAM. To isolate the initial Ng-CAM 
clone, two degenerate oligonucleotides synthesized on the basis of the 
amino acid sequence of a 35-residue segment of a C NBr fragment were used 
to generate a PCR product of 105 nucleotides (Figs. 2 and 3). The subeloned 
product encoded the appropriate amino acid sequence and it was therefore 
used to synthesize a 57-base oligonucleotide that was used to screen a Xgtl0 
eDNA library. PCR techniques used Taq Polymerase and Perkins Elmer 
Corp. (Norwalk, CT) reagent kits in a programmable thermal cycler 
(USA/Sciemific Plastics, Inc., Ocala, FL) (76). For example, eDNA tem- 
plates were denatured at 940C for 1 rain, annealed with synthetic oligonu- 
cleotide primers at 55°C for 1 min, and then DNA was synthesized with 
Taq Polymerase at 72°C for 1 min. The cycle was repeated 20 times to am- 
plify the DNA segment between the oligonucleotide primers. Oligonucleo- 
tides used for PCR, priming eDNA synthesis, and priming sequencing reac- 
tions, were synthesized at the Rockefeller University Protein Sequencing 
Facility. 

RNA, Northern Blots, and Southern Blots 

Total RNA was prepared from embryonic chicken brains by rapid sonication 
of freshly dissected tissue in a Polytron homogenizer either in LiCl/Urea 
(29) or in 4 M guanadinium-thiocyanate (60) followed by centrifugation 
through a 5.7 M CsCI cushion (8). Poly (A) + RNA was isolated on oligo 
(dT) columns (Pharmacia Fine Chemicals, Piseataway, NJ). RNA transfer 
blots and DNA transfer blots were performed using standard techniques 
(61). All restriction enzymes were purchased from Bethesda Research 
Laboratories. For genomic Southern analyses, chicken liver genomic DNA 
(Clontech), was digested to completion with appropriate restriction en- 
donucleases and resolved on individual lanes of 0.7 % agarose gels (61). Nu- 
cleic acids were transferred to Hybond (Amersham Corp., Arlington 
Heights, IL) or Genescreen (New England Nuclear), the membranes were 
fixed, and hybridized to 32P-labeled cDNA probes (61). 

Analysis of  Protein Sequences 

Sequence data were compiled using the Staden ANALSEQ programs (85). 
The Dayhoff protein sequence database (National Biomedical Research 
Foundation, Washington, DC) and the translated Genbank database (release 
63) were searched using the rapid homology search program LFASTA (Ktup 
= 2; 65). The LFASTA program was also used in the pairwise alignment 
of the internal tandem repeats in Ng-CAM and L1 and in comparisons to 
other neural CAMs. Hydrophobicity analyses of the sequence were per- 
formed using an automated hydropathy program (21) using parameters 
given by Kyte and Doolittle with a sliding window of 19 residues (54). 

Results 

The amino terminal sequence of each of the Ng-CAM poly- 
peptides (Fig. 1) was determined after resolving the compo- 
nents on SDS-PAGE and transferring them to Immobilon. 
The sequences of the 210-, 190-, and 135-kD components 
were identical to each other, but differed significantly from 
that of the 80-kD component. To obtain additional se- 
quences, Ng-CAM and the 80-kD component were treated 
with CNBr, Staphylococcus aureas V8 protease, or trypsin, 
and the peptides purified by gel filtration and HPLC or by 
SDS-PAGE. The amino terminal sequences of these peptides 
were all found in the complete sequence derived from eDNA 
clones (Fig. 2) and are shown in Fig. 3. 

Isolation and Sequencing of  cDNA Clones 

Two strategies were used to obtain initial Ng-CAM eDNA 
clones. In the first, the PCR, using primers (underlining ar- 
rows in Fig. 3) based on the amino acid sequence of a pep- 
tide, was used to obtain an authentic Ng-CAM nucleic acid 
probe; this approach gave eDNA clone kN903. In the sec- 
ond, polyclonal antibodies specific for Ng-CAM were used 
to isolate directly from expression libraries clones XN902 
and kN925 (Fig. 2). The insert in kN902 encodes 81 amino 
acids near the 3' end of the coding sequence (1061-1141; see 
Fig. 3). The insert in clone )~N925 encodes 113 amino acids 
(85-197) and overlaps with the sequence of ~,N903 (Fig. 2). 
The amino acid sequence encoded by ~,N925 included seg- 
ments that were identical to those of two different CNBr frag- 
ments obtained from Ng-CAM (see Fig. 3), verifying that it 
and )~N903 encode segments of Ng-CAM. 

~N906 ;kN901 
~N912 P10__5 ;LN908 ~N902 

P55 7~N954 ;~N921 

ZN925 ~N928 ~N932 kN909 kN913 

;~N903 ~N922 
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I I ~ I I I I I I III  I I I I I I [ I iI 
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/ _ _ _ /  / /_.__ _ _ _ _ ~ /  /__._ l , ,  / 
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Figure 2. Schematic representation of Ng-CAM eDNA clones and 
the sequencing strategy. The 14 eDNA clones and two PCR prod- 
ucts used to determine the sequence of Ng-CAM are indicated (to 
scale) in a 5' to 3' direction. Restriction sites are: (R) Eco RI; (P)  
Pst I; (S) Sma I; (K) Kpn I; (B) Barn HI. Direction and extent of 
sequencing are indicated by arrows below the scale bar. 
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-20 M A L P M V ~ L L L ~ L G G P G A A I T I P P E Y G A H  
1 GAATTCC•GCAGCCG••CGGG•A•CGGTGAGAGCA•GCGCGCAGCTGCCC•TCCCGCCATG••TCT•CCCAT••TC•G•CTCCTc•TGCTCCT•TTGCTG•GGG•GCCCGGA••CGCCATCACCATTCCCC•GG••TATGGT•CGCAC 

1 1 D F L O P P E L T E E P P E O L V V F P S D D I V L K ~ V A T G N P P V O Y R H S R E I S P S S p R  
149 ~TTTCCTGCAGCCCCCC~CT6~CG~AG~AACCCCC~6AkC~ACTC~TG~TCTTCCCC~T~A~GACATC~TCCTCA~TG~TGGCCA~C~G~AC~CC~CC~TCCAGTACCGAT~G~CCGT~ATCAGCCCTTCGTCCCCGAGG 

6 1 5 T G G S R H S P B R H L V I ~ A T L A A R L O G R F R ~ F A T N A L G T A V S P E A N V I A E N T  
299 AGCACGG~G~TCT~GGT~GTCCC~G~ATC~G~TTT~GTC~T~AAC~CCA~GTT~GCC~C~GGCTC~A~GG~CGCTTCC~CTG~TTC~CA~CAACG~TTGGGCACCGCT~T~TCTCC~AGGCCA~CGTC~TCGCCG4G~ACACT 

I !  
2 1 1 P O W P K K K V T P V E V E E G D P V V L P ~ D P P E S A V P P K I Y H L N S D I V H I A O D E R V  
4~9 •CGC•GTGG•CGAAGAA•A•GGTGACC•C6GTGGA•GTG•AGGAGGG•GA•CCC•T•GTG•TGCC•T•TGAC••C•CCG•GAGCG•TGT•C•CC•TAA••T•TATTGGCT•AACA••GACAT•GTTC•CATC•CTCAGGAC•AGAGGGT• 

1 6 1 5 M G O D G N L Y F S N A # V G D S H P D Y I @ H A H F L G P R T I I O K E P L D L R V A P S N A V  
599 T•TATGGGGC•••ATGGG•ACCT•TA•TTCTC•AA•GCCAT•GTG•GC•ACAGC•ACCCCGA•TA•AT•TGCCACGCT••CTTCCT•GGCCCCC•CAC•ATCATCCA•AA•GAGCc••T•GAC•TCCG•GTG•CCCC•AGTAAT•CG•TT 

2 1 2 R S R R P R L L L P R D P O T T T I A L R G G S V V L E ~ I A E G L P T P H V R H R R L N G P L L P  
7q9 CGGT•CCGCCGCCCCC•CCTGCTGCTGCCCC••••CCCCCAAA•GACCACCA]C•CCCTCC•GG••••CA•CGTCGTGTTGGAGTGCA]•••TGk•GGGCTCCCCA•TCC•TGGGTCCGATGGCGGCGGCTGkAC•G•CCCCTC•TCCCG 

2 5 1 6 a V G N F  K T L R L W G V T E S D D G E Y E ~ V A E N G R G T A R G T H S V T V E A A P Y H V R  
899 G•CGGCGTTGGAA•CTTCAACAAAAC•CTGCGGCT•TGGGGGGTGACG•AGAGCGACGACGG•GAGTACGAATGT•TGGCTGAGAACGGGAGGGGGACGG•CAGG6GGACCCACAGCGTCA£CGTGGA•GCGGC•CCATATTGGGT•C•G 

J 1 1 R P O S G V F G P G E T A R L D @ E V G G K P R P O I O W S I N G V P I E A A G A E R R  L R G G A  
1049 ~GCCAC~AGT~GGGT~T~CGGGC~GGG~G~GACGGC~AGGCT~GACTG~GAG~TG~GG~GGAAACCCC~CCAAATC~AATGGAGCATCAATG~GGTCCCCATC~A~CTGCCGGGGCGGAGCGG~GGTGG~TGC~G~CGGCGCT 

J O J L V L P E L R P ~ D S A V L O @ E A R N R H 6 P L L A N A F L H V V E L P L R M L T A D E O R Y E V  
1199 TTGGTGC~TC~GGAGC~GCGG~CGAA~GA~A~G~GGTG~TGCA6TGC~AG~CGAGGAACCGC~ACGGC~C~TATTGG~CAAC~CCTT~TGCA~TCGTGGAGCTG~C~TC~GAATGCTGACGGCG~AT~AGCGCTA~GAAGTG 

q J 1 V E N O T V F L H @ R T F G A P A P N V E  W L T P T L E P A L O D D R S F V F T N G S L R V S A V R  
1949 GTG~AAAACCAAACAGT~TTTCTGCACTGCAGAACCTTCGGG~CCCCCG~CCAAACGTC~A~T~GCTGACCCCCACTTTGGAGCC~GCTCTGCAGGACGACCGATCCTTCGTGTT£ACCAATGGGAGCCTTCGCGTGA~T~CGGTGCGG 

4 6 1 6 G D G G V Y T © M A O N A H S N S S L T A L L E V R A P T R I S A P P R S A T A K K G E T V T F H  
1~99 •GGGGGG•CGGGGGGGTC•ACACCTGCATG•CCC••AACGCCCACAGCAACGGCAGCCTCACG•CGCTC••GGAGGTCAGAGCCCCCACCCGAAT•TCGGCCCCCCCCCGAAGCG•CACCGCCAAAAAAGGGGAG•CGGTGACCTTfCAC 

V! 
5 1 1 ~ G A T F D P A V T P G E L R H L R G G O P L P D D P R Y S V A A E M T V S N V D Y G D E G T ] O ~  

1649 T~GG~GA~CTTTGACC~GCCGTG~C~CGGGGAG~TGCGATGG~TG~GGGGG~GG~AG~CGCTGC~CGACGAC~CCCGGTATT~GGTGGCGG~GGAGATGA~GGTGTCC~kCGTGGACT~TGGGGACGAGGGGACCATTC~TGC 

5 6 1 R A S T P L D S A E A E A O L R V V G R P P S R D L O V M E V D E H R V R L S ~ T P G D D H N S P I  
1799 CGCG~T~CAC~CCT~T~ACTC~GCGG~GG~CG~AGCGC~G~TCAGAGT~GTG~GCC~C~C~CATCC~GGG~CCTC~AA~TGATGGAG~TGGACG~A~C~GCGTGCG~CT~AG~T~GA~CCCGGG~G~G~TAAC~GC~CCAT̂ 

1 
632EK~VVEEEEEREDLORGFGAADVPGQPWTPPLPLSPYGRFPFRVVAVNA~ 

1949 ~AGAAGTT~GTGGT~GA~AG~A~A~A~AGAGAGGATCTTCAGCGGGGTTTCGGAGCGGCT~A~GTTC~GGGG~AGCcGTGGACG~C~CCCCTcCCGCT~T~CCCAIACGGGCGGTTCCCG~T~cG~GTGG~GGCC~TAACGCCTA~ 

6 5 1 G R G E H H N P S A P [ E T P P A A P E R N P 6 G V H G E G ~ E T G N L V I T ~ E P L P P O A W N A  
2099 GGGAGGGGGGA••ACCAC••CCCCAGCGC•C••AT•G••A•CC••CCCG•GGC•C•G•AGCGCAACCCGGGGGGGGT••ATGGG•AGGG•AA••AGA••GG•AACC••G•CATCA••TG•GAGC•••T•CC••CC•AGG•CTGGAACGCC 

2 
7 1 1 P W A R ~ R V O W R P L E E P 6 6 6 6 P S G 6 F P W A E S T V D A P P V V V 6 G L P P F S P ~ O I R  

2249 CCCT••GCG•GGTACC•CGTGCAGTG••GGC•ATTGGAGGAGC•CGG•GG••GGGGCCCTT••GG•GGGTT•CCGTGG•C•GAAAGCAC•GTGGACGC•CCCC•C•TGGTGGTGGGGGGGCT•••C•CGTTC••CCCCTTCCA•AT•••C 

7 6 1 V Q A V N G A G K G P E A T P G V G H S G E D L P L V Y P E N V 6 V E L L N S S T V R V R ~ T L G 6  
2399 GT~CAGGC~GT~AACGGAG~C0G~AAGGGACCGGA~G~GA~CCCCGG~GTGGGGCA~AGCGG~GAGGAC~TG~GTTG~TTACCCTGA~A~T~T~G~G~T~GAACTG~TGAACAGCAGCACCGTG~G~GTGAGATGGACTT~GGG~GG 

8 1 1 G P K E L R ~ R L R G ~ R V L Y W R L G W V G E R S R R O A P P D P P O I P O S P A E D P p p ~ p p  
25~9 G~GCCC~AGAGCTGCGGGGGCGTCTGAGGGG~]TCCGGGTGCTGTATTGGCGTTTGG~ATGGGT~GGGGAGCGCAGT~G~TCAA~CCCCCCGA~CC~CC~AATCCCCCAAAGC~CGGC~AAG~CCC~CCCCC~TTT~CCC~ 

8 6 1 V A L T V G 6 D A R 6 A L L 6 G L R P W S R Y O L R V L V F N G I R 6 D I G P P S E P [ A F E T P E G V  
2599 •TG••T•TG••A•TG•GGGGGGACG•GC•GGGGG•GCTGCTGGGGGGGCTGCGGCCCTGGAGCCGTTATCAG•TGCGGGTGTTGGT•TT•AACGGGAGGGGGGACGG•C•CCC•AGC•AACCCATCGCCTT•G•GACCCCCGAGGGAGTT 

9 1 1 P G P P E E L R V E R L D D T A L S V V [ ~ R R T F K R S I T ~ V L R Y O O V E P ~ $ A L p 6 ~ s V  
28~9 CCC0~C~C~C~AG~AGC~CG~0T~GAG~GGTT~GAC~A~E~CCTCTC~GTAGT~GAAC5C~GCACGTT~AAC~0T~TC~CG~AT~TG~TTGAGA~ACCA~C~G~AGCC~GG~T~G~CCAG~A~GCTC~A 

9 5 1 L R D P O C D L R G L N A R S R ~ R L A L P S T P R E R P A L Q T V G $ T K P E P P S P L W S R F G  
2999 CTCCGGGACCCTCAATGCGACCTAAGGGGGC~GAATG~G~GCT~CCGATACCGGCTGGCGCTGC~GAGCACGCCTCGG~A~C~CCC~GCC~TGCAGACGGT~GGGAGCA~GAAACCGGAA~CGCC~TCCCCG~TTTGGAG~CGTTTTGGT 

I O I l V 6 ~ R 6 ~ F H G A A V E ~ a A A O E D D V E F E V O ~ M N K S T D E P W R T S ~ R A  $ $ L R R Y  
~149 GTCGGAGGT~G~GG~GGATTTC~CGGTGCTGCTGTGGAGTTT~GT~CAGCC~A~G~G~A~GA~GTGGA~TTCGA~GT~C~TT~ATGAATAAAAG~ACG~AT~A~CC~TGG~GCA~TT~GGGC~G~G~CAACT~CTCTT]A~GG~GGTAC 

1 0 5 1 R L E G L R P 6 T A ~ R V O F V ~ R N R ~ G E N V A F W E S E V O T N N T V V P O P G N E V C T K ~  
3299 ~GT~G~GGG~TG~GCCCGGCA~CGCCTA~GAGTCCAA1T~GTGGGC~GGAACCG~TCCG~G~AAA~GIG~CTGGGAGAG~AAGTG~AAA~CA~GG~ACCGTGGT~CCG~GCCTGGIGGGGGG~TTTGCA~C~AGG--~--~ 

W F I 6 F V $  V V L L L L I L L I L C F I K R S K G G K Y S V K D K E D T O V D S E A R P M K D E  ]~9llll ~GGTTC~TCGGCTTC~TC~CT~CGTGGT~CTCCTT~TCCTCAICCTCCTCATCCTC~GC~TCATCAAA~GCAGCAAGG~GGGCAAGTA~TCGGTGAAG~ACAAGGAGG~CACGCAG~TGGACTC~GAGGCGCGG~CCATGAAGGAT~A~ 
* , • , f f l I 6 1 T F G E Y R S L E S E A E K G S A S G S 6 A G S G V ~ $ p G R S P C A A G  ED L A G Y G ~ S G D  

3599 •CCTTTGG•G•GTA•̂GGT•GTTGGAGAGCGAAGCGGAG•AGGGT•CGGCTTCGGGTT•CGGTGCCGGTT••GGTGTGGGTT•TC•GGGTCGGGGTC•GT•CGCGG•GGGCAGCGAAGAC•GCCT•GCGGGGTA•GGAGG•AG•GGGGAT 

2221VOFNED65FIGOYRGP6AGPGSSGPASPCAGPPLDO 
37~9 GTG~AG~TCAATGA~GATGGATC~1CATCGGGCAGTACCGCGGACCCGGAG~G~A~CC~G~AGCTCC~G~T~[AG~CTGTGCTGGGCC~C~TGGkT~AAATGG~G~GGAATGGGGTGG~GGA~AECCAT~GG6~GAGC~T 

~899 •G•G••GTGG•AACCATACG•GGT•CCC•GTGGCCATGGAGGGGGGGGG•TCATACGGTGGTAATGGGGGGCACGGGGGG•TAGGAATT C 

Figum ~ Nucleotide sequence ~d d~uced amino acid s~uence of Ng-CAM. The lowest o~n readi~ ~ame contains 1,265 amino acids 
terminating at ~ ocher termination codon (O). The two hNmphobic regions ~p~senting ~ e  sign~ ~ptide ( -20- -1)  and ~e  transmem- 
brane ~gion (1,110-1,132) are underlin~ by a ~ick bar. Thinner underlimng denotes amino acid s~uences determin~ ~ protein chemie~ 
anMyses of ~e  210-, 190-, 135-, ~ d  80-kD componen~ of Ng-CAM and pepfides obtain~ a~er t~atment wi~ CNBr, V8 pmtease, or 
t~psin. Underlining ~mws rep~sent oligonucieotide pfime~ us~  to c~ate PCR product P105. l~tenti~ sites of asparagine-link~ 
glycosylation (45) a~  marked wi~ inve~ed tfi~gles. Potenti~ casein-ty~ ~I Nnase phospho~lation sites a~ indica~l ~ astefis~ (*). 
The predict~ pro~olytic cleavage site ~tween the 135- ~ d  80-kD componen~ is indicated ~ a ve~icN arrow. The immunoglobulin-li~ 
domains a~  numbered from I to VI over ~ e  consew~ tryptoph~ wi~  ~ e  characteristic ~steines indicat~ ~ ci~les. The fibmnectin-~pe 
III re~ating umts ~ e  num~red 1 to 5 wi~ ~ e  characteristic tryptoph~ ~ d  ~msine (or phenylN~mine) ~sidues boxed. A brac~t high- 
ligh~ the RGD sequence. These s~uence data a~  available from EMBL/Genbank/DDBJ under accession num~r X56969. 

To obtain clones that encoded the entire Ng-CAM mole- 
cule, restriction fragments of hN902, 903, and 925 were 
used to screen different libraries, including new libraries 
generated with oligonucleotides corresponding to specific 
Ng-CAM sequences. Both strands of the inserts from 14 
different cDNA clones (Fig. 2) were sequenced to provide 

the DNA sequence that encodes the entire protein. The se- 
quence between clones )~N903 and )~N922 is especially rich 
in poly-G and -C and more than 30 x 106 pfu from 23 
cDNA and genomic libraries were screened without detect- 
ing clones coding for this region. The one clone, hN908 
(Fig. 2), that extended across this region (nucleotide 
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Figure 4. Hydrophobicity plot of the predicted amino acid sequence 
of Ng-CAM. Amino acid residues are numbered from the transla- 
tion start site. Positive values indicate hydrophobicity. 

1701-2766, Fig. 3), was isolated from a library prepared 
from poly (A) ÷ RNA that had been extensively denatured 
and primed with an oligonucleotide specific for Ng-CAM. 

Amino  Acid Sequence 

The cDNA sequence and the deduced protein sequence are 
summarized in Fig. 3. Specific structural features are high- 
lighted in comparison to mouse L1 in Fig. 7 and a proposed 
model is shown in Fig. 8. 

The combined data gave a continuous sequence of 3989 
nucleotides, with an open reading frame of 1265 amino 
acids; other reading frames contained multiple stop codons 
throughout the sequence. The predicted sequence includes 
all sequences obtained by direct analysis of each of the poly- 
peptide components and of peptides derived from Ng-CAM 
and the 80-kD component. These sequences (Fig. 3) com- 
prise >10% of the deduced protein sequence and are dis- 

tributed throughout the extracellular portion of the molecule, 
confirming the reading frame. 

Hydrophobicity analysis (Fig. 4) indicated that there are 
two nonpolar domains in Ng-CAM. The first (amino acids 
- 2 0  to -1) has all the features of a signal sequence and the 
most likely cleavage site for a signal peptide (67, 93) is at the 
end of this segment. The second hydrophobic domain (amino 
acid 1110-1132) has features that are characteristic of trans- 
membrane segments. Its location predicts that Ng-CAM has 
an extracellular region of 1109 amino acids containing 
twelve potential asparagine-linked glycosylation sites and a 
cytoplasmic domain of 113 amino acids that includes a num- 
ber of potential phosphorylation sites. Threonine 1148 and 
serine 1201 are located in regions which are consensus rec- 
ognition sites for casein kinase I (39, 92). In addition, there 
are six serines (1135, 1141, 1176-1180, and 1198) that fit the 
more general description of recognition sites for several ki- 
nases (19), and tyrosine 1165 is a potential site for tyrosine 
kinase (46). 

The extracellular region of Ng-CAM includes two motifs 
of repeated domains which have been found in several neural 
CAMs. Beginning at the amino terminus are six similar 
domains that resemble those found in immunoglobulins, 
N-CAM, and related CAMs (17). All have paired cysteines 
and surrounding amino acids characteristic of the C-2 sub- 
type oflg domains (95), the most common subtype found in 
the neural CAMs. These Ig-like regions are followed by five 
domains that resemble each other and the type III repeats 
found in fibronectin (50). Each contains ~100 residues, and 
the first three are distinguished by their conserved with the 
first tryptophan and tyrosine residues. The fourth is less well 
conserved tryptophan replaced by a glutamate; the fifth re- 
peat is the least similar to other fibronectin-like domains 
with the tryptophan and tyrosine residues both replaced by 
phenylalanine. 

Ng-CAM contains one RGD sequence (amino acids 
893-895) at the end of the third type III repeating unit. It is 
included in a short segment (29 amino acids) that resembles 

Figure 5. Ng-CAM biosynthesis, 
glycosylation, and membrane associ- 
ation. Immunoprecipitation with an- 
ti-Ng-CAM antibodies of detergent 
extracts of 10-d chick embryo brains 
biosynthetically labeled with (a) 
3H-fucose and (c) 3H-leucine in the 
absence (lane 1 ) or presence (lane 2) 
of tunicamycin. Proteins were re- 
solved on 6% SDS-PAGE, the gels 
were dried, and the label was de- 
tected by autoradiography. (b) 14-d 
chick embryo brain membranes (150 
#1) were treated with 0.5 ml of PBS/ 
0.5% NP40 (lane 1), PBS/5 mM 
EDTA (lane 2), PBS/1 M NaCI (lane 
3), 50 mM diethylamine, pH 11.5 
(lane 4), PBS diluted 10-fold with 
H20 (lane 5), and PBS (lane 6), and 

centrifuged in a microfuge for 30 min. The supernatant (S) and pellet (P) fractions were separated and 2% of each fraction was resolved 
on SDS-PAGE, transferred to nitrocellulose, and immunoblotted with 100/zg of anti-Ng-CAM antibodies. Molecular weight standards 
are indicated at the right as Mr x 10 -3. 
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Figure 6. Northern and Southern 
blots using Ng-CAM cDNA probes. 
Poly-(A) ÷ RNA (1 /zg) from 12-d 
chick embryo brain (lane 1), total 
brain RNA (15/zg) from 9- (lane 2) 
and 12-d (lane 3) embryos, and 14-d 
chick embryo liver (lane 4) were 
electrophoresed on 0.8% formalde- 
hyde gels transferred to Hybond and 
hybridized with Ng-CAM cDNA 
probes N903 (a) and N922 (b). Posi- 
tions of 28S and 18S ribosomal RNA 
are indicated. (c) Recognition of 
genomic DNA by Ng-CAM cDNA 
clones. 8/~g of adult chicken genom- 
ic DNA was restricted with Hga I 
(lane 1), Bam HI (lane 2), Dra I 
(lane 3), Ban I (lane 4), Sma I (lane 
5), and Sst II (lane 6), electropho- 
resed on 0.7% agarose gels, trans- 
ferred to Hybond, and probed with 
Ng-CAM cDNA N906. Relative mi- 
gration of molecular weight standards 
is indicated at the left in kilobases. 

the carboxyl terminal portion of a type III repeat (see Fig. 
7 b) suggesting that DNA specifying this portion of the third 
repeat may at one time have undergone a duplication. 

Organization of Ng-CAM Components 
The amino-terminal sequences of the 210-, 190-, and 135- 
kD components (Fig. 1) all correspond to the presumed 
amino terminus of the protein (Fig. 3). The amino terminus 
of the 80-kD component is at amino acid 840 in the middle 
of the third fibronectin type III repeat (Figs. 1 and 3). The 
carboxyl side of this region is rich in proline residues and 
the amino side is rich in arginine, suggesting that this could 
be a highly exposed segment sensitive to proteases such as 
trypsin. The precise distance, if any, between the carboxyl 
terminus of the 135-kD component and the amino terminus 
of the 80-kD component, is as yet unknown. They probably 
do not overlap; all sequences of CNBr fragments from total 
Ng-CAM (which is predominantly the 135-kD component) 
were found in the region amino terminal to where the 80-kD 
component begins and all peptides isolated from the purified 
80-kD component were detected only in the region on the 
carboxy-terminal side of this site. 

The sequence data suggest that the entire 135-kD compo- 
nent is extracellular and includes all six Ig domains plus the 
first two fibronectin repeats. The 80-kD component contains 

the last two fibronectin repeats, the transmembrane segment, 
and the cytoplasmic domain. Both species have extracellular 
regions with several potential glycosylation sites, eight in the 
135-kD component and four in the 80-kD component. In 
accord with these observations, the 210-, 190-, 135-, and 80- 
kD forms incorporated 3H-fucose (Fig. 5 a). Moreover, en- 
doglycosidase F treatment suggested there are three aspara- 
gine-linked oligosaccharides in each of the 135- and 80-kD 
components (Grumet, M., and G.M. Edelman, unpublished 
observations). In accord with the notion that the 80 kD has 
a cytoplasmic domain but the 135-kD segment does not, the 
80- but not the 135-kD form can be phosphorylated in cell 
culture (35). Preliminary experiments indicate that the 200- 
and 80-kD components of purified Ng-CAM can also be 
phosphorylated in solution either by itself, or by a kinase that 
copurifies with it. In these and the previous experiments (35) 
the band at 200 kD was too broad to discern whether the 210, 
the 190 kD or both components were phosphorylated. Mouse 
L1 is similarly phosphorylated, presumably by a kinase 
which copurifies with it (75). 

These data indicate that the 135-kD component does not 
extend to the transmembrane segment or contain an alterna- 
tive such region. However, it is tightly associated with brain 
plasma membranes (Fig. 5 b) in that detergents, such as 
deoxycholate, CHAPS (data not shown), and NP-40 are re- 
quired (Fig. 5 b, lane/)  to release it. Detergents release all 

Figure 7. Comparison of chicken Ng-CAM domains to corresponding domains in mouse LI. The position of the first amino acid residue 
of each domain is given. Sequences were initially aligned pairwise using the LFASTA program (ktup = 2; 65), and then by visual inspection, 
to achieve the best overall match. Gaps were introduced to maximize the identities between the sequences. Identical residues between the 
sequences are boxed. (a) Alignment of six consecutive immunoglobulin-like domains in Ng-CAM to corresponding domains in LI. Charac- 
teristic cysteine residues likely to be involved in intrachain disulfide bonds are highlighted in bold type, and the six comparisons are aligned 
through the first cysteines in each pair. (b) Alignment of five consecutive fibronectin-type III repeating units in Ng-CAM to corresponding 
repeats in L1. Characteristic tryptophan and tyrosine residues (or substituted phenylalanine or glutamate) are highlighted in bold type. 
The five pairs of domains are aligned through the first tryptophans in each. The 29-amino acid segment between the third and fourth 
fibronectin repeats of Ng-CAM is aligned to show its similarity to the preceding domain. (c) Alignment of the transmembrane and cytoplas- 
mic segments in Ng-CAM to corresponding segments in L1. 
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Table L Relationships between Ng-CAM and Other Neural CAMs 

Chick Mouse 
Ng-CAM L1 Neuroglian Contactin/F11 F3 TAG-1 N-CAM N-CAM Fasciclin II 

Ng-CAM (C) 

LI (M) 40 - 
(1284) 

Neuroglian (I) 23 28 - 
(1269) (1224) 

Contactin/Fl 1 (C) 27 28 28 - 
(815) (882) (778) 

F3 (M) 27 29 27 78 
(873) (886) (781) (979) 

TAG-1 (R) 29 29 24 49 
(865) (993) (972) (1033) 

N-CAM (C) 22 21 21 19 
(600) (706) (710) (676) 

N-CAM (M) 21 20 22 22 
(584) (712) (713) (551) 

Fasciclin II (I) 21 21 22 19 
(365) (376) (411) (572) 

50 
(1009) 

23 19 
(680) (730) 

23 21 
(670) (707) 

24 19 
(670) (613) 

81 
(1109) 

26 27 
(562) (395) 

Protein sequences for each of the neural CAMs listed were compared in a pairwise fashion using the LFASTA program of Pearson and Lipman (1988; ktup = 1). 
Scores indicate the percentage identity between the protein sequences across the number of amino acid residues indicated in parentheses. Numbers in boldface high- 
light the highest similarities between more closely related proteins. Parentheses at left indicate origin of protein. (C) chicken; (M) mouse; (1) insect; (R) rat. 

forms of Ng-CAM from the membrane, but it was difficult 
to resolve the 210- and 190-kD components. In contrast, 
treatments with EDTA (lane 2), high salt (lane 3), high pH 
(lane 4), and low salt (lane 5) buffers, which extract periph- 
eral membrane proteins, did not release significant amounts 
of the 135-kD component or any other Ng-CAM species 
from the membranes. Although there are several cysteines in 
the 135- and 80-kD components, treatment of brain plasma 
membranes with buffers containing dithiothreitol (10 mM) 
did not release the 135-kD species, or other forms of Ng- 
CAM. These results suggest that the 135-kD component may 
be tightly associated noncovalently with the other Ng-CAM 
components or has another mode of attachment to the mem- 
brane. 

The fact that the eDNA sequence is continuous and in- 
cludes sequences from both the 135- and 80-kD components 
indicates that they are both derived from the larger (210/190 
kD) components. In accord with this notion, a single Ng- 
CAM polypeptide is seen in tunicamycin-treated cells. When 
brain tissue was incubated in 3H-leucine, Ng-CAM compo- 
nents of 210, 190, 135, and 80 kD were immunoprecipitated 
with specific anti-Ng-CAM antibodies (Fig. 5 c). In the 
presence of tunicamycin which inhibits N-linked carbo- 
hydrate processing (53), however, one predominant compo- 
nent of 170 kD was immunoprecipitated with anti-Ng-CAM 
antibodies (Fig. 5 c). Although the eDNA predicts a single 
polypeptide of 139 kD, the difference (170 vs. 139 kD) could 
be because of other posttranslational modifications. Such 
differences between predicted and observed sizes have been 
seen for other proteins, including the various forms of 
N-CAM (13) and probably reflect a variety of factors includ- 
ing the limits of SDS-PAGE in determining molecular weight. 
In any case, these results suggest that Ng-CAM is synthe- 
sized as one polypeptide, which is then glycosylated and fur- 
ther processed. 

Ng-CAM mRNA and the Ng-CAM Gene 

The conclusion that Ng-CAM is initially synthesized as a sin- 
gle polypeptide is substantiated by Northern and Southern 
blots. Inserts from eDNA clones kN903 and XN902 were hy- 
bridized to RNA isolated from different chicken embryonic 
tissues. These two probes were chosen because kN902 
should encode sequences only in the 80-kD region whereas 
XN903 encodes sequences only in the 135-kD region. Both 
kN902 and kN903 hybridized selectively to one band at 6 
kb present in poly A ÷ brain RNA (Fig. 6), suggesting that 
there is a single mRNA. Total embryonic brain RNA in- 
cluded an Ng-CAM mRNA of the same size, but no RNA 
from 14-d embryonic chicken liver (Fig. 6), heart, skin, or 
gizzard reacted with the probes (data not shown). These data 
are consistent with the model that the 135- and 80-kD com- 
ponents of Ng-CAM are encoded by a single neural-specific 
mRNA which is large enough to encode the 210/190-kD 
forms. 

Southern blot analyses (Fig. 6 c) with the insert from 
XN903 yielded single bands in Barn HI, Dra I, Ban I, Sma 
I, and Sst II digests. These data indicate that Ng-CAM is en- 
coded by a single gene. 

Similarity of  Ng-CAM to Other Neural CAMs 

A comparison of the amino acid sequence of Ng-CAM to the 
Dayhoff protein sequence database, the translated Genbank 
database, and specifically to the sequences of mouse L1 (63), 
chicken contactin (69) and Fll  (7), mouse F3 (30), and other 
neural CAMs, showed that it was most similar to that of 
mouse L1 (Table I). However, the two proteins are less simi- 
lar than expected for equivalent molecules in different spe- 
cies. While they are identical in some segments, particularly 
in the cytoplasmic domains (Fig. 7), the overall sequence 
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identity is only 40% (Table I). Ng-CAM is significantly less 
similar (21-29% identity) to other neural CAMs. 

The FASTA rapid homology search program (65) showed 
that the six Ig domains in Ng-CAM are similar to each other, 
and that the individual Ig domains of chicken Ng-CAM are 
most similar to the corresponding domains in mouse L1 with 
a one-to-one correspondence of highest FASTA scores 
(ranging from 162-383; ktup = 1) between each domain in 
Ng-CAM and the corresponding domain in L1. These seg- 
ments are compared in Fig. 7 a. The identities between the 
corresponding domains range from 40 % in the fifth and sixth 
domains to 66 and 54% in the second and third domains, 
respectively. Many of the identities occur in strings of five 
to ten consecutive residues. 

The five fibronectin-type III repeats of Ng-CAM are simi- 
lar to each other and to five corresponding segments in L1 
(Fig. 7 b), although these similarities are weaker than those 
between Ig domains, ranging from 41% in the first domain 
to 13 % in the fifth domain. The amino terminus of the 80-kD 
component is in the third repeat. The 18 amino acids sur- 
rounding this site differ significantly from the corresponding 
region of L1 with only two amino acid identities. 

Between the third and fourth type III repeats in Ng-CAM 
is an extended segment of 29 amino acids which includes an 
RGD sequence. The first 21 amino acids of this segment 
align most favorably with the last part of the preceding type 
III repeat (Fig. 7 b). However, there appears to be no corre- 
sponding segment in L1. This segment is 32% identical to 
the type III repeat in human fibronectin that contains the 
RGD-containing sequence that binds to integrins (47, 50). 

The predicted transmembrane domain and portions of the 
cytoplasmic region of Ng-CAM are more similar to L1 than 
any other region (Fig. 7 c). The 23-residue transmembrane 
segment (Ng-CAM residues 1110-1132) is 81% identical, 
and a continuous segment of 50 amino acids beginning in the 
center of the transmembrane region and extending into the 
cytoplasmic domain (amino acids 1121-1170) is identical in 
the two proteins. This region is followed by a segment of 26 
residues that is only 31% identical to L1 and then 27 amino 
acids that are 89% identical. The remaining carboxyl- 
terminal segments of the two proteins are relatively dissimi- 
lar (23 % identity in 22 amino acids). 

Discussion 

We have isolated and characterized eDNA clones encoding 
chicken Ng-CAM and formulated a model of the molecule 
(Fig. 8). The molecule contains six Ig domains and five 
fibronectin-type III repeats, a transmembrane segment, and 
a cytoplasmic domain. The proposed linear arrangement of 
the components is supported by the following observations: 
(a) the amino-terminal sequences of the 210-, 190-, and 135- 
kD components are the same and differ from the 80-kD spe- 
cies (Fig. 1); (b) the 135- and 80-kD components are im- 
munologically and structurally distinct but both are related 
to the 200-kD forms (35); (c) the predicted protein sequence 
is continuous and all peptide sequences from the 80-kD com- 
ponent are contained within a different part of the sequence 
than those from the 135-kD component (Fig. 3); (d) all com- 
ponents are glycosylated, but only the '~200- and 80-kD 
components incorporate phosphate (35) and palmitate (Sor- 
kin, B. C., M. Grumet, B. A. Curmingham, and G. M. Edel- 
man. 1985. J. Neurosci. 11:1138); (e) all eDNA probes de- 
tect a 6-kb Ng-CAM mRNA; and (f) Southern blots indicate 
that there is a single Ng-CAM gene. 

The data indicate that a single mRNA encodes a large 
translation product; by posttranslational modification this 
gives rise to the 190/210-kD forms of the molecule, which 
is proteolytically cleaved into an extracellular 135-kD com- 
ponent and a transmembrane 80-kD component. The region 
around the presumed site of cleavage is unusually abundant 
in prolines and basic residues and could thus be particularly 
susceptible to proteases. The sequence in this region is very 
different from that of L1 (21% identical) which may explain 
why in L1 and NILE the 200-kD forms predominate. The 
difference between the 190- and 210-kD components of Ng- 
CAM is unclear, but the detection of a single size mRNA and 
of a single protein component synthesized in tunicamycin- 
treated cells suggests that it may be posttranslational. Be- 
cause extensive alternative splicing is seen in N-CAM (13) 
and other CAMs (44, 56, 79), however, it is possible that 
there are alternatively spliced forms of Ng-CAM. 

The extracellular domain of Ng-CAM contains all of the 
Ig-like domains and fibronectin type HI repeats. In N-CAM 
(12), and presumably most other CAMs of this type, the Ig- 

N H 2 ~ C O O H  

CHO CHO P 
I i ~ i 

135 kD 80 kD 

Figure 8. Model of the domain structure 
of Ng-CAM. Immunoglobulin-like do- 
mains are shown as loops in the amino- 
terminal portion of the polypeptide and 
fibronectin-type I/I repeats are shown as 
boxes. The open boxes represent repeats 
that have more of the distinguishing fea- 
tures than the others (see text). The pre- 
dicted transmembrane region is indicated 
by a vertical bar. Linear representations 
suggest that the 135- and 80-kD compo- 
nents are generated proteolytically from 
the ~200-kD component. General loca- 
tions of carbohydrates (CHO), phos- 
phate (P), and palmitate (ladder) are 
indicated. 
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like domains include the regions that mediate cell-cell bind- 
ing. Of the six Ig domains in Ng-CAM, the second one is 
the most highly conserved when compared to the second Ig- 
like domains of L1, N-CAM and neuroglian; in N-CAM this 
segment has been implicated in binding (10, 12). It is likely 
that this region of Ng-CAM also plays a role i n  its 
homophilic-binding activity. 

Although the function of all of the type III repeats in 
fibronectin is not well understood, certain repeats contain 
sequences, including an RGD sequence, that are involved in 
specific cell binding (66). The function of type III repeats in 
other proteins is unknown. Ng-CAM contains a 29-amino 
acid segment with one RGD sequence. This segment follows 
the third type HI repeat (amino acid 893), resembles part of 
a type lII repeat, and shows significant similarity to the RGD 
region in fibronectin. L1 contains two RGD sequences that 
are close to each other in the sixth immunoglobulin domain 
(63) and TAG-1 contains an RGD sequence in its second 
fibronectin type III repeat (27). It remains to be determined 
whether such sequences in any CAM are involved in cell 
binding. In Ng-CAM, the RGD-contalning segment and 
each of the fibronectin-type BI repeats ends with a sequence 
containing the nucleotides AG, present at most exon/intron 
borders. The RGD-containing segment may be a discrete 
exon; it is sufficiently small that if it were differentially 
spliced in either Ng-CAM or L1, the alternative mRNAs 
would be difficult to detect on RNA transfer blots. 

The RGD sequence in Ng-CAM is in the 80-kD region of 
the molecule, raising the possibility that there could be two 
kinds of Ng-CAM binding: one mediated via the Ig domains 
and one via the RGD sequence. The cleavage between the 
135- and 80-kD regions could allow separation of these do- 
mains so that the activities could be separated from each 
other and regulated independently. 

The 135-kD component is tightly associated with the 
plasma membranes and requires detergent to release it, but 
it apparently contains no transmembrane segment (Fig. 5). 
In addition, the 210-, 190-, and 80-, as well as the 135-kD 
components of Ng-CAM can all be efficiently reconstituted 
into liposomes, indicating that the 135-kD form binds 
directly or indirectly to lipid membranes (33). Moreover, all 
three components moved together in sucrose gradients, sug- 
gesting the presence of a supramolecular complex (Becker, 
J., M. Grumet, G. M. Edelman, and B. A. Curmingham, un- 
published observations). These results imply that the 135- 
kD component is tightly associated with the other Ng-CAM 
components noncovalently. Such a complex could account 
for the association of the 135-kD form with the cell surface, 
but the association must be quite strong because neither high 
salt nor 0.1 N NaOH released the 135-kD component from 
membranes (Fig. 5). An alternate possibility is that it may 
contain lipids which directly anchor it in the plasma mem- 
brane. Preliminary experiments, however, indicated that it is 
not released by phosphatidylinositol-specific phospholipase 
C as are some forms of N-CAM (40, 41). 

The extracellular portion of Ng-CAM includes 12 poten- 
tial N-linked glycosylation sites and at least six of them 
appear to be used. Five of the potential sites are in corre- 
sponding positions in L1 and are therefore likely to be among 
those used. Conservation of these sites may reflect the im- 
portance of particular carbohydrate moieties to the confor- 
mation, distribution, or binding properties of each protein. 

Such roles have been suggested for the carbohydrates in L1, 
particularly with regard to their ability to influence apparent 
L1/N-CAM interactions (48). Both Ng-CAM and L1 contain 
at least one sulfated oligosaccharide epitope recognized by 
the mAbs HNK-1, NCq, and L2 (35, 52). This carbohydrate 
is present on several other proteins, including N-CAM (35), 
cytotactin (36) and the myelin-associated glycoprotein (52), 
although no functional role for it has been demonstrated. 

The fibronectin repeats in Ng-CAM are followed by a 
transmembrane segment and a relatively small (113 amino 
acids) cytoplasmic domain. The cytoplasmic region includes 
several serines, a threonine, and a tyrosine that are potential 
phosphorylation sites. Previous studies (35) showed that 
components of ~ 200- and 80-, but not the 135-kD compo- 
nent can be phosphorylated. Sequences including tyrosine 
1165 resemble the autophosphorylation sites in viral tyro- 
sine protein kinases (46) and preliminary experiments indi- 
cated that Ng-CAM can be autophosphorylated or that a ki- 
nase copurifies with the molecule. Such modification may 
serve to modulate Ng-CAM's binding to cell-surface ligands 
or intracellular molecules and may have important conse- 
quences in transformed cells. 

It is becoming increasingly clear that Ng-CAM and other 
immunologically related chicken CAMs which have been 
studied in other laboratories are the same molecule. G4 (72), 
which is involved in interactions between neuronal fibers in 
culture, has an amino-terminal sequence that is identical to 
that of Ng-CAM. The 8D9 antigen (58), which acts as an ex- 
cellent substrate for neurite extension, is identical to Ng- 
CAM in terms of its polypeptide profile and tissue distribu- 
tion. In contrast, other molecules that are involved in neurite 
fasciculation, including neurofascin and axonin-1 are immuno- 
logically and structurally distinct from Ng-CAM (71, 73). 

The relationship between chicken Ng-CAM and the rodent 
proteins L1 and NILE is unclear and a detailed comparison 
to NILE must await the completion of its structure (68). 
Nevertheless, Ng-CAM, L1, and NILE share many proper- 
ties and antibodies raised against these molecules cross react 
(6, 25). The amino acid sequences of Ng-CAM and L1 are 
nearly identical in their transmembrane segments and in por- 
tions of their cytoplasmic domains. Other similarities be- 
tween Ng-CAM, L1, and NILE include: (a) involvement in 
neuronal aggregation, neurite fasciculation and migration of 
granule cells in cerebellar slices (24, 35, 43, 59, 70, 87); (b) 
similar tissue distribution in most locations (70, 86, 90); (c) 
polypeptide components that include ,,o200-kD glycopro- 
teins which can give rise to 135-140- and 80-kD forms, and 
these different forms probably interact with each other (22, 
68, 74); and (d) organization of Ig-like domains, fibronectin 
repeats and cytoplasmic domains (Fig. 8; 63). 

Ng-CAM and L1 (and presumably NILE) also show sig- 
nificant differences. The amino acid sequences have seg- 
ments that are unrelated and overall they are only 40% iden- 
tical. Other differences include: (a) involvement of Ng-CAM 
but not L1 in neuron-glia adhesion (33, 49); (b) expression 
of Ng-CAM but not L1 on commissural neurons early dur- 
ing spinal cord development (16, 84); (c) prevalence of the 
135-kD component in Ng-CAM (33, 35); and (d) differences 
in the location of RGD sequences (Fig. 7; 63). 

The fact that the sequences of the two proteins are only 
40% identical is the most difficult to reconcile with the idea 
that they are closely related CAMs. Chicken (13) and mouse 
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N-CAM (2, 3, 81) sequences are >81% identical (Table I). 
Moreover, chicken contactin/F11 is 78 % identical to its pre- 
sumed murine homologue F3. In contrast, rat TAG-l, which 
clearly is different from F3 and contactin, is ,~50% identical 
both to mouse F3 and to chicken contactin/F11. These obser- 
vations suggest that the same CAMs in different species are 
in general highly conserved (70-90% identical) and that 
different CAMs in different species (TAG-I, contactin) can 
show a higher degree of similarity to each other than is seen 
for chicken Ng-CAM and mouse L1. Ng-CAM and L1 may 
thus be different, but closely related members of a family of 
neural CAMs. Preliminary experiments designed to identify 
an L1 homologue in chickens and an Ng-CAM homologue 
in mice have not yet revealed such molecules. 

The notion that there are subfamilies of closely related 
CAMs is supported by our recent characterization of a new 
neural CAM, Nr-CAM (Grumet, M., M. P. Burgoon, V. 
Mauro, G. M. Edelman, and B. A. Cunningham. 1989. J. 
Neurosci. 15:568). This molecule contains six Ig domains 
and several fibronectin-type III repeats. Its sequence resem- 
bles Ng-CAM and L1 more closely than it does N-CAM or 
other neural CAMs such as contactin. It is no more similar 
to mouse L1 than it is to chicken Ng-CAM, so it is not the 
chicken equivalent of L1. The similarity between Nr-CAM 
and Ng-CAM (40 % identical) and the similarity of TAG-1 to 
contactin (50 %) indicate that there are structural subfamilies 
of neural CAMs. Molecules within such subfamilies may 
serve closely related specialized functions during neural 
development, particularly in such processes as neurite fas- 
ciculation and outgrowth. In insects, molecules resembling 
N-CAM (i.e., fasciclin II) and Ng-CAM (i.e., neuroglian) 
can act as CAMs and have partially overlapping distributions 
on growing neurite fascicles (5, 31, 38). Ng-CAM and other 
closely related CAMs may have similar patterns in verte- 
brates. The key question, however, is whether these mole- 
cules can act to direct neural patterning or whether they 
serve other functions. 

All of the various neural CAMs are large cell surface gly- 
coproteins comprised of different types of domains (20). 
Such domains may subserve distinct functions including 
cell-cell adhesion, cell binding to extracellular material, an- 
chorage in the plasma membrane, and release from mem- 
branes. The results presented here suggest that different 
regions of Ng-CAM may mediate neuron-neuron and neu- 
ron-glia adhesion, and molecular-binding studies (33) have 
indicated that there are different ligands for Ng-CAM on 
neurons and glia. Moreover, the different binding functions 
of Ng-CAM could be modulated by cleavage into the 135- 
and 80-kD components. Preliminary experiments indicated 
that both neurons and glia bound selectively to Ng- 
CAM-coated substrates; however, it remains to be deter- 
mined which of the components contribute to the two bind- 
ing activities. This problem can now be addressed directly 
by using a variety of Ng-CAM cDNA constructs to express 
different regions of the Ng-CAM molecule in transfected 
cells. 
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