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The rodent, avian, and insect Ll-like cell adhesion mole- 
cules are members of the immunoglobulin superfamily that 
have been implicated in axon growth. We have isolated an 
Ll-like molecule from human brain and found that it also 
supports neurite growth in vitro. We have also cloned and 
sequenced the entire coding region of human LlCAM and 
found that it shows a very high degree of homology to 
mouse Llcam, with 92% identity at the amino acid level. 
This similarity suggests that LlCAM is an important mole- 
cule in normal human nervous system development and 
nerve regeneration. Overall, there is substantially less ho- 
mology to chick Ng-CAM; they are 40% identical at the 
amino acid level but many regions are highly conserved. 
Comparison of the sequences from human, mouse, chick, 
and Drosophila indicates that the Ll immunoglobulin do- 
main 2 and fibronectin type III domain 2 are strongly con- 
served and thus are likely functionally important. o 1991 

Academic Press, Inc. 

INTRODUCTION 

The Ll’-related molecules are integral membrane 
glycoproteins that have been described in the nervous 
system of several species. Representative examples 
include Llcam in mouse (Rathjen and Schachner, 
1984), NILE2 in rat (McGuire et al., 1978), Ng-CAM/ 
8D9/G4 in chick (Grumet et aZ., 1984; Lemmon and 
McLoon, 1986; Rathjen et al., 1987), and neuroglian 

Sequence data from this article have been deposited with the 
EMBL/GenBank Data Libraries under Accession No. M64296. 

1 To conform with the HGMW-approved nomenclature we refer 
to human Ll as LlCAM and mouse Ll as Llcam. 

’ Abbreviations used: LlCAM, human Ll cell adhesion mole- 
cule; Llcam, mouse Ll cell adhesion molecule; TPA, 12-O-tetra- 
deconoyl-phorbol-13-acetate; PBS, phosphate-buffered saline; 
SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electro- 
phoresis; NILE, NGF inducible large external glycoprotein; Ng- 
CAM, neuron-glial cell adhesion molecule; Ig, immunoglobulin C2 
type domain; Fn, fibronectin type III domain; TM, transmem- 
brane region; CP, cytoplasmic tail. 

in Drosophila (Bieber et al., 1989). These molecules 
share similar biochemical properties, immunological 
cross-reactivity, localization predominantly on axons 
of projection neurons, homology in nucleotide se- 
quence, and functional similarity. Several lines of evi- 
dence suggest that Ll plays an important role in neu- 
ronal growth and fasciculation. First, it is expressed 
early on developing (Martini and Schachner, 1986) 
and regenerating axons (Daniloff et al., 1986; Martini 
and Schachner, 1988). Second, antibodies to Ll 
disrupt fascicle formation in vitro (Stallcup and Beas- 
ley, 1985) and in uiuo (Landmesser et al., 1988). Fi- 
nally, purified Ll is a potent substrate for neurite 
growth (Lagenaur and Lemmon, 1987). 

A number of observations are consistent with the 
existence of an Ll human homologue. Human tu- 
mors, especially neuroblastoma, demonstrate immu- 
noreactivity to Ll antibodies (Mujoo et al., 1986; Fig- 
arella-Branger et al., 1990). Biochemical analysis of a 
glycoprotein isolated from human brain using an 
anti-neuroblastoma monoclonal antibody revealed 
that the antigen was very similar to mouse Llcam 
(Wolff et al., 1988). Recently, partial sequences ob- 
tained for a human genomic clone (Djabali et al., 
1990) and a human melanoma cDNA clone (Harper et 
al., 1991) confirmed that a human Ll-like molecule 
exists. Further studies localized the gene for human 
Ll to the q28 band on the X chromosome (Djabali et 
aZ., 1990), the homologous region to the A6-B region 
of the mouse X chromosome where the Llcam gene is 
located. 

The knowledge that an Ll-like molecule exists in 
humans leads to the idea that LlCAM may be impor- 
tant in promoting axon regeneration in trauma or dis- 
ease states of the human nervous system. Therefore, 
we purified Ll from human brain and conducted in 
vitro experiments on the natural substance that dem- 
onstrate that human LlCAM, like chick and mouse 
Llcam, can support neuron attachment and neurite 
growth. We have also cloned and sequenced cDNAs 
encompassing the entire coding region of LlCAM. 
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This information will allow future studies on the 
structure and function of LlCAM and permit the con- 
struction of cell lines expressing LlCAM for in vitro 
and in uiuo experiments on nerve growth and regener- 
ation. 

MATERIALS AND METHODS 

Ll CAM Purification 

LlCAM was purified by immunoaffinity chroma- 
tography using methods previously described (Lem- 
mon et aZ., 1989). Briefly, neural membranes from 12- 
day full-term neonatal human brain (the infant suc- 
cumbed from complications of trisomy 18) were 
isolated on sucrose gradients and then extracted with 
1% deoxycholate. The extract was then run over a 
74-5H7 IgG monoclonal antibody to Llcam (Lem- 
mon et aZ., 1989) affinity column. Antigens were 
eluted with 0.1 M diethylamine (pH 11.5) and the so- 
lution was rapidly neutralized with Tris-HCl. Frac- 
tions were then dialyzed against PBS overnight. Gel 
electrophoresis of the purified product was performed 
on a 5% SDS-polyacrylamide gel. 

Cell Culture 

Functional assays of the LlCAM purified from hu- 
man brain were performed by two neuronal culture 
methods. Dissociated Pl rat cerebellar cells were 
plated on LlCAM-nitrocellulose-coated plates as de- 
scribed by Lemmon et al. (1989). E7 chick retinal 
strips were grown on LlCAM-nitrocellulose-coated 
plates based on a system developed by Halfter et al. 
(1981). Plain nitrocellulose coated with bovine serum 
albumin was used as a negative control substrate. 

Molecular Cloning 

A human fetal brain cDNA library in X ZAP II 
(Stratagene) was amplified in the Escherichia coli 
strain XLl-Blue (Stratagene). The library was 
probed with a mix of 32P 5’-end-labeled synthetic de- 
generate oligonucleotides, 50 nucleotides in length, 
corresponding to a region that is highly conserved be- 
tween Llcam and the rat homologue NILE glycopro- 
tein (Prince et aZ., 1989). The screening was carried 
out overnight at 30°C in a solution containing 6X 
SSC, 5~ Denhardt’s, 0.5% SDS, 20% formamide, and 
100 pg/ml salmon sperm DNA. Phage clones isolated 
from the library were plaque-purified and converted 
to plasmid form, and the insert sizes were determined. 
A second separate screening of the library was per- 
formed using a 40-base oligonucleotide probe, the se- 
quence of which was derived from the furthest 5’ se- 
quence of an earlier obtained clone. The oligonucleo- 
tides used for screening are indicated in Fig. 2. 

DNA Sequencing 

Double-stranded DNA sequencing was carried out 
by the dideoxynucleotide method @anger et al., 1977) 
using a Sequenase Kit (USBC) and [36S]-deoxyaden- 
osine 5’-(thio)triphosphate from Amersham. The 
primers for the reactions were custom synthesized at 
this institution. Sequencing primers to the T7 and T3 
promoters were used for the initial sequencing, and 
subsequent sequencing was performed using addi- 
tional synthetic oligonucleotide primers generated 
from the newly acquired LlCAM sequence. The com- 
plete sequence was obtained from both DNA strands. 
Sequence analysis was carried out using the MacVec- 
tor (IBI) sequence analysis program. 

RESULTS AND DISCUSSION 

A silver stained SDS-polyacrylamide gel of purified 
LlCAM is shown in Fig. 1A. Notable is the character- 
istic doublet of bands at 190-180 kDa, a major band at 
130 kDa, and minor bands at 105, 80, and 62 kDa. 
This is similar to the pattern reported by others for 
LlCAM (Mujoo et al., 1986; Wolff et al., 1988), chick 
Ng-CAM (Burgoon et al., 1991), and Llcam (Sadoul 
et al., 1988). 

Purified LlCAM was extremely potent in support- 
ing neurite outgrowth. Chick retinal explants pro- 
duced extended defasciculated neurites on LlCAM 
(Fig. 1B) and dissociated rat cerebellar neurons grew 
long neurites (data not shown). Controls grown on 
nitrocellulose without LlCAM showed poor attach- 
ment and no neurite extension (data not shown). 

A total of 3 X lo6 plaques were screened, represent- 
ing a threefold screening of the library. Twenty 
plaques were initially positive; however, only three of 
the clones initially isolated from the cDNA library 
remained positive after successive rounds of screen- 
ing and proved subsequently to correspond to 
LlCAM cDNA. After excision of the inserts from the 
phage vector, these clones were 3.4, 2.6, and 1.4 kb in 
length and, were designated 3.1, 4, and 17, respec- 
tively. Because none of these contained a start methio- 
nine and initial signal sequence, a second screening of 
the library was performed using a 40-base oligonucleo- 
tide deduced from sequencing the 5’ end of clone 3.1. A 
positive clone from this screening, C2, contained an 
initiation codon preceded by a stop codon and fol- 
lowed by a sequence that corresponded to a hydro- 
phobic stretch of amino acids that is presumed to be a 
signal sequence, as well as a sequence that overlapped 
with the previously obtained clones. This clone was 
1.2 kb in length. 

The nucleotide and deduced amino acid sequences 
for the LlCAM cDNA coding region are shown in Fig. 
2. The open reading frame encodes a protein of 1256 
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FIG. 1. (A) Silver stained SDS-PAGE gel of immunopurified LlCAM. Molecular weight standards are indicated at the left. (B) E7 chick 
retinal explants grown on LlCAM-coated dishes. Control dishes coated with BSA had no neurite outgrowth. Scale bar = 100 pm. 

amino acids and 142,698 Da. The nucleotide se- 
quences of the human LlCAM and mouse Llcam 
cDNAs were compared and found to be 85% identical. 
At the amino acid level, this rose to 92% overall iden- 
tity (Fig. 3). 

Structurally, Ll-related molecules are similar to 
other immunoglobulin superfamily cell adhesion mol- 
ecules having a motif of repeating immunoglobulin 
domains followed by fibronectin type III domains. 
The Ll-like molecules in particular have six repeat- 
ing immunoglobulin C2 (Ig) domains followed by five 
repeating fibronectin type III (Fn) domains (Moos et 
al, 1988; Burgoon et aZ., 1991). These are linked to a 
cytoplasmic portion of the molecule by a transmem- 
brane domain. A domain by domain comparison of 
the protein sequence of human LlCAM to mouse 
Llcam, chick Ng-CAM, and Drosophila neuroglian 
was performed and is summarized in Table 1. 

Two short stretches of LlCAM nucleotide se- 
quence have been published previously. A comparison 
of the genomic sequence obtained by Djabali et al. 
(1990) with ours is an identical match from nucleo- 
tides 991 to 1091 (see Fig. 2). The first 23 nucleotides 
of the Djabali sequence, however, did not match our 
sequence or the Llcam sequence and likely represents 
an intron. The sequence obtained by Harper et al. 
(1991) from human melanoma cDNA differs from 
ours at LlCAM nucleotides 3528 to 3540, where they 
show a 12-nucleotide deletion. We obtained identical 
sequence for this region from three independent 
clones and the sequence matches the corresponding 
mouse nucleotide sequence perfectly. This discrep- 
ancy could represent a mutation in the tumor line or a 
splicing variant. The sequence also varies between 
nucleotides 3344 and 3349, where Harper et al. have 
an extra 3 nucleotides introduced non-sequentially. 

Interestingly, we found a one-amino-acid deletion 
here compared to the mouse Llcam sequence, with 
matching of the flanking amino acids on either side. 
This region was particularly difficult to sequence on 
the antisense strand, requiring dITP reactions to re- 
solve compressions. The coding strand, however, had 
unambiguous sequence. We found a final difference at 
base 3086, where we have an A. 

A comparison of the sequences of human LlCAM 
and mouse Llcam with Ng-CAM raises an interesting 
question about the relationship between mammalian 
Ll and Ng-CAM: Are they homologous? Burgoon et 
al. have suggested that Ng-CAM may not be “equiva- 
lent” to Ll due to the relatively low sequence (40%) 
identity between the two molecules (Burgoon et al., 
1991). In contrast, mouse NCAM is about 80% identi- 
cal with chick NCAM and rat fibronectin is about 
80% identical with chick fibronectin. They also state 
that “experiments to identify an Ll homologue in 
chickens and an Ng-CAM homologue in mice have 
not yet revealed such molecules.” 

Despite the poor sequence homology between Ng- 
CAM and mammalian Ll, there are many similarities 
among the molecules. If conservative amino acid sub- 
stitutions in Ng-CAM are permitted, the overall simi- 
larity between LlCAM and Ng-CAM rises to 66%. 
The Ig domains show relatively higher degrees of simi- 
larity, up to 83%, with 75% conservation of the cyto- 
plasmic domain. Furthermore, the overall structure of 
the molecule is preserved from species to species; 
there are six Ig domains and five Fn domains in each 
molecule and each structural domain in the chick mol- 
ecule is most closely related to the same domain in the 
human. The domains that show the highest degree of 
similarity between human and mouse (Ig 2, Fn 2, the 
transmembrane and cytoplasmic domain) also demon- 
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MVVALRYVWPLLLCSPCLLIP IPEEYEGHHVMEPPV ITEG 
A~-A~-TA~~P 

HSGSFTITGNNSNFAQRFQGI YRCFASNKL GTAMSHE l RLMAEG APKWPK 
C-T-lGlUXXlGUX-- 

ETVKPVEVEEGESVVLPCNPPPSAEPLRlYWMNSKlLHlKaDERVTMGGN 
G 

GNLYFANVLTSDNHSDYICHAHFPGTRTI IQKEPIDLRVKATNSMIDRKP 

RLLFPTNSSSHLVALOGQPLVLECI AEGFPTPTI KWLRPSGPMPADRVTY 

SHLYGPGETARLDCQVQGR‘PGPEVTWR INGIPVEELAKDGKYR IQRGALI 
K 

LSNVQPSDTMVTQCEARNRHGLLLANAY IYVVGLPAKI LTADNQTYMAVQ 

GSTAYLLCKAFGAPVPSVQWLDEDGTTVLQDERFFPYANGTLG IRDLG AN 

DTGRYFCLAANDQNNVTIMANLKVKDATQ ITQGPRSTI EKKGSRVTFTCG 
G T 

ASFDPSLQPSITWRGDGRDLQELGDSDKYFIEDGR LVIHSLDYSDQGNYS 

CVASTELDVVESRAQLLVVGSPGPVPRLVLSDLH LLTQSQVRVSWSP AED 

HNAPIEKYDIEFEDKEMAPEKWYSLGKVPGNQTSTTLKLSPYVHYTFRVT 
UCMTCZXXlX~TATGMMXM~~iTX3T~~A- K3csxrrmCT 

AINKYGPGEPSPVSETVVTPEAAPEKNPVDVKGEGNETTNMVITWKPLRW 
C 

MDWNAPBVGYRVQWRPQGTRGPWQEGIVSDPFLVVSNTSTFVPYE IKVDA 

VNSQGKGPEPQVTIGYSGEDYPQAI PELEGIE ILNSSAVLVKWR PVDLAO 
F----P 

VKGHLRGYNVTYWREGSQRKHSKRHIHKDHVVVPANTTSV ILSGLR PYSS 
pTmpTAwp-ATm 

YHLEVQAFNGRGSGPASEFTFSTPEGVPGHPEALHLECQSNTSLLLRWGP 
T-P 

PLSHNGVLTGYVLSYHPLDEGGKGGLSFNLRDPELRTHNLTDLSPHLRYR 
O 

GQCNFRFHILFKALGEEKGGASLSPQYVSYNQSSYTQWDL(1PDTDYE IHL 

SQPSLNGDlKPLGSDDSLADYGGSVDVaFNEDGsFlGaYsGKKEKEAAGG 
3 5 7 1 # 

NDSSGATSPINPAVALE* 
3721 MlGllCKElCpcrrrrrwrr 

FIG. 2. Nucleotide and deduced amino acid sequence of the coding portion of LlCAM. Untranslated nucleotides are not shown. The boxed 
nucleotides represent areas of discrepancy as compared with other published LlCAM sequence data. Underlined regions represent the 
oligonucleotides used for screening the library. The asterisk represents a stop codon. 

strate the most similarity between human and chick. 
The relatively variable domains between human 
LlCAM and mouse Llcam (Ig 1, Fn 4, and Fn 5) also 
have relatively low homologies between human and 
chick. This is also true when comparing LlCAM to 
Drosophila neuroglian. 

Immunological and biochemical experiments dem- 
onstrate many similarities between mammalian Ll 
and Ng-CAM. Antibodies against mammalian Ll 

from different species cross-react with NgCAM. Puri- 
fication of Ll and Ng-CAM from brain produces a 
similar polypeptide pattern on SDS-PAGE and there 
is substantial evidence that there are protease-sensi- 
tive sites at the same two locations in both Ll and 
Ng-CAM (Sadoul et al., 1988; Prince et al., 1989; Bur- 
goon et al., 1991). The anatomical distribution of Ll, 
despite minor variations, shows striking similarity be- 
tween chick and mammals. For example, almost all 
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TABLE 1 

Percentage Identity of Amino Acids in Different Domains Compared to Human Ll 

Domain k 1 Ig 2 Iis 3 182 4 k 5 Ig 6 Fn 1 Fn 2 Fn 3 Fn 4 Fn5 TM CP 

M Llcam 83 93 91 a7 90 93 89 89 86 82 75 94 100 
NGCAM 44 66 55 57 39 43 38 56 33 30 18 78 63 
NGCAM* 62 83 71 79 66 56 67 73 58 49 32 100 75 
Neuroglian 26 32 27 24 29 32 32 36 31 29 18 22 26 
Neuroglian* 41 54 47 49 49 48 51 68 50 52 40 67 40 

Note. Asterisk shows analysis with conservative amino acid substitutions allowed (Ref. (6)). The following amino acid groupings were 
considered conserved: (S,T,P,A,G), (N,D,E,Q), (H,K,R), (M,I,L,V), (F,Y,W), (C). 

projection axons in the CNS and PNS express Ll or 
Ng-CAM in the corresponding species. 

Functional experiments have shown that anti-L1 
and anti-Ng-CAM antibodies disrupt axon fascicula- 
tion in both chicks and mammals (Stallcup and Beas- 
ley, 1985; Rathjen et al., 1987) and inhibit neuron- 
neuron adhesion (Keilhauer et al., 1985; Grumet. and 
Edelman, 1988). They also perturb migration of gran- 
ule cells from the external granule cell layer to the 
internal granule cell layer in the cerebellum (Lindner 
et al., 1983; Hoffman et al., 1986), Finally, studies with 
purified Ll and with Ng-CAM show that mammalian 
cells can bind to chick Ng-CAM and that chick neu- 
rons can bind to mammalian Ll in a homophilic bind- 
ing interaction between the Llcam and the chick Ng- 
CAM (Lemmon et al., 1989). Therefore, while there 
are clearly structural differences between Ng-CAM 
and Ll, it seems most likely that they represent ho- 
mologous and not merely analogous molecules. 

Comparison of LlCAM, Llcam, rat NILE, and 
chick Ng-CAM confirms previous reports that the cy- 
toplasmic portion of this molecule is highly con- 
served, suggesting an important functional role for 
this region of the molecule (Prince et al., 1989; Harper 
et al., 1991). Evidence points to an interaction of Ll 
with the cytoskeleton, directly or indirectly, because 
in differentiated neuroblastomas Ll is relatively im- 
mobile (Pollerberg et al., 1990). On axons and growth 
cones of chick retinal ganglion cells, however, Ll is 
freely diffusible (Drazba and Lemmon, 1990). This 
suggests that attachment to the cytoskeleton is not a 
prerequisite for functional binding as is the case for 
cadherins (Nagafuchi and Takeichi, 1988). The cyto- 
plasmic domain of Ll also may be involved in regu- 
lating cell adhesion molecule function. Ll is phos- 
phorylated and is associated with a casein kinase (Sa- 
doul et al., 1988). Anti-L1 antibody binding to Ll on 
PC12 cells has been shown to alter intracellular cal- 
cium and pH (Schuch et al., 1989). Agents such as 
TPA or okadaic acid that increase cytoplasmic phos- 
phorylation increase fasciculation in a manner con- 
sistent with increased affinity of Ll for its ligand 

(Cervello, Lemmon, Rutishauser), (unpublished re- 
sults). This evidence indicates that Ll either regu- 
lates cell function or has its function regulated via its 
cytoplasmic region. 

Interspecies comparison of the amino acid sequence 
of the extracellular portion of Ll suggests that the Ig 
domain 2 and Fn domain 2 may have some conserved 
function since these are the immunoglobulin and fi- 
bronectin domains with greatest homology. One possi- 
bility is that the Ig domain 2 is important in Ll-Ll 
homophilic binding. The Ig domains 2 and 3 of 
NCAM are believed to be involved in heparan and cell 
binding (Frelinger and Rutishauser, 1986; Cole and 
Akeson, 1989). This demonstrates that Ig superfamily 
molecules do not necessarily bind amino terminus to 
amino terminus. It is also possible that a large region 
of Ll is involved in Ll-Ll binding, similar to the 
manner in which Ig heavy chains bind to each other; 
according to this model, the Ll Ig domains would bind 
in a long parallel or antiparallel interaction. This pos- 
sibility is consistent with the report that all monoclo- 
nal antibodies to G4 (thought to be identical with 
chick Ng-CAM) that were tested were able to inhibit 
G4-G4 binding (Chang et al., 1990). No highly posi- 
tively charged regions were observed in any of the Ig 
domains that would be analogous to the heparan bind- 
ing domain in the second Ig domain of NCAM (Cole 
and Akeson, 1989). However, the second Ig domain of 
Ll and Ng-CAM does have a highly negatively 
charged retion with 4 of 6 amino acids being aspartic 
acid or glutamic.acid. The third Fn domain of Ll has 
one region with 9 of 12 positively charged amino 
acids. A similar region is present in Llcam but is ab- 
sent from chick. Conclusions about structure-func- 
tion relations must await, more detailed experi- 
ments using well-defined antibodies and mutated 
forms of Ll. 

The information provided in this paper extends pre- 
vious work by providing the entire coding sequence of 
human LlCAM and demonstrating that like the re- 
lated molecules in mouse, rat, and chick, LlCAM puri- 
fied from human brain can support neurite growth. 
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The structural knowledge gained allows comparisons 
with nearby and more distant species, mice, chick, 
and Drosophila and speculation about structurally 
important areas of the molecule. The results of in ui- 
tro testing of natural LlCAM support the idea that 
LlCAM is likely to be an important molecule in the 
development of the human nervous system by provid- 
ing evidence that LlCAM can mediate neurite 
growth. This complements reports that the human Ll 
gene is on the X chromosome in a region where dis- 
ease of CNS axonal tract development has been 
mapped (Djabali et al., 1990), and strengthens the 
need for further understanding of the molecule. Use 
of the cDNA will enable comparison of recombinant 
LlCAM with the product purified from human brain 
and permit functional studies on the recombinant 
molecule in vitro. Finally, using the cDNA, cell lines 
expressing normal and altered LlCAM can be con- 
structed for use in transplantation or regeneration 
studies. 
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