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ABSTRACT

The neural cell adhesion molecule (NCAM) exists in at least three different
isoforms. In the mouse, NCAM proteins with apparent M-'s of 180,000, 140,000
and 120,000 have been distinguished. These are encoded by 4 to 5 different
transcripts. Here we report the full amino acid sequence of an isoform which
most likely represents NCAM-140. The N-terminal extracellular portion of the
829-residue polypeptide appears to be identical to all three NCAM proteins.
The Mr of 91,276 is considerably smaller than the estimate based on SDS-gel
electrophoresis. The 147 C-terminal residues are distinct from NCAM-120 and
contain the putative transmembrane and cytoplasmic domains. The transcript
encoding NCAM-140 contains almost 3.2 kb non-coding sequence with a canonical
polyadenylation signal. While the 5' sequences of NCAM-140 hybridize with all
NCAM mRNAs, the 3' probes recognize only the two larger transcripts of 7.4 and
6.7 kb. From S1 nuclease protection analyses and hybridization studies of
several NCAM cDNA clones with genomic NCAM sequences one can conclude that the
different NCAM transcripts are generated by alternative splicing. In addition
to the two alternative splice sites in the sequence encoding the extracellular
domains, a third one can be predicted approximately 320 nt downstream of the
start of the NCAM-140-specific sequence portion. This finding is in agreement
with the existence of an extra exon in the chicken NCAM-180. Comparison
between mouse and chicken NCAM amino acid sequences revealed the highest
homology in the second and fifth Ig-like domains and in the cytoplasmic parts
suggesting that these regions serve highly conserved functionms.

INTRODUCTION

The molecule called NCAM (for neural cell adhesion molecule) is a cell-
surface glycoprotein involved in cell-cell contact formation. NCAM is expres-
sed in a variety of structures during embryonic and perinatal development but
is 1largely restricted to neurons and glial cells in the normal adult animal
(see 1,2 for reviews). NCAM-mediated adhesion appears to play a central role
in various developmental events including the orderly outgrowth of axons (3-
5), cell pattern formation (6) and nerve-muscle interactions (7,8). NCAM
exists in three protein isoforms of different size which in the mouse migrate
in SDS-polyacrylamide gels with apparent mol wt's of 180,000, 140,000 and
120,000 (called hereafter NCAM-180, -140 and -120, respectively) (9,10). These
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three polypeptides and the three NCAM forms of similar mol. wt. in the chicken
(11,12) appear to be identical from their amino termini up to the region where
they are inserted into the membrane. NCAM-180 and -140 span the membrane and
have cytoplasmic domains of different size (13-15). NCAM-120 lacks a trans-
membrane domain and is anchored to the membrane by phospholipid (11,13,16).

NCAM appears to be encoded by a single gene because (i) a simple pattern
of bands is observed in genomic Southern blots probed with NCAM cDNAs (17,18),
(ii) in situ hybridization occurs at a single chromosomal location (18), and
(iii) all fragments that hybridize to different cDNA probes in Southern blots
of total genomic DNA can be accounted for by the fragments found in
overlapping cosmid clones containing the NCAM gene (19,20 and M.S. and C.G.
unpublished results). At least four mRNA species (7.4, 6.7, 5.2, 2.9 kb) that
are selectively expressed in different cell types and during different stages
of development are detected in the mouse (10,21). In the chicken four
prominent mRNAs of somewhat different size (6.8 to 7.2, 6.2, 6.0 and 4.2 kb)
have been described (15,22,23). The exon-intron organization of most of the
chicken NCAM gene has recently been reported (19). These results indicate that
at least 14 exons from the 5' part of the gene are common to the major mRNAs,
the size differences of which are due to alternative splicing of the remaining
5 exons.

The complete sequence of the extracellular portions of mouse (24) and
chicken (22) NCAM, which are common to the three protein isoforms, have been
reported. The nucleotide sequences predict the presence of 5 N-terminal
domains that are homologous to each other and to Ig domains followed by a
region without clear homology to other proteins. The mouse NCAM cDNAs we have
sequenced correspond to the 2.9 kb mRNA and seem to code for NCAM-120.
However, NCAM cDNA clones from mammalian sources derived from the larger gene
transcripts have not been characterized yet. Here we describe mouse NCAM cDNA
clones which appear to code for NCAM-140. Their 5' parts are nearly identical
to the sequence of NCAM-120. Then they diverge and continue with a longer open
reading frame encoding transmembrane and cytoplasmic domains. Together with a
3' clone and intervening sequences derived from a genomic clone they complete
the second 1largest NCAM transcript, for which a size of ~6.7 kb has been
estimated in Northern blots. Evidence is presented showing that alternative
mRNA splicing is the major mechanism generating the different mouse NCAM
mRNAs.
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MATERIALS AND METHODS
Isolation of cDNA and genomic clones

The previously described cDNA clone 1.3 (25) was used to isolate clones DW1
(not shown), DW2 and DW42 (Fig. 1A) from a postnatal day 2 C57BL/6 mouse brain
library (24) and clone NM (Fig. 1A) from a gtll library constructed by the
same method from RNA of postnatal day 15 Swiss Webster mouse brains. Screening
of the latter library with a Kpnl fragment (open bar in Fig. 1B) of cosmid 3.1
yielded clone HB4, which was used in turn to isolate clones DW60 and DW61
(Fig. 1A) from the postnatal day 2 library.

A cosmid 1library made from BALB/c liver DNA in the pNNL vector (26) was
used to isolate the relevant portions of the mouse NCAM gene. The library was
first screened with pMi.3 yielding clone 4.1 (Fig. 1B). Clone 3.1 was obtained
by rescreening the library with the 3' most Hpal fragment of 4.1. Conditions
for hybridization and cloning were as described (26). For precise restriction
mapping and before cloning into M13 vectors, a 4.9 kb BamHI fragment of 3.1
(clone B22) which hybridized with NM, was subcloned into pUC18. Restriction
map analysis and hybridization data showed that this clone contained the 3'
part of clone NM and the 5' region of DW60 plus 1.6 kb of intervening
sequence.

DNA sequencing

The DNA inserts or suitable restriction fragments thereof were subcloned
into mp18 and mpl9 phage M13 vectors. BglIl digestion of the B22 genomic clone
liberated a fragment of 3.1 kb and one of 1.25 kb which were subcloned into
mpl8 yielding clones Bg3 and Bg2, respectively. Single stranded phage DNA was
sequenced by the dideoxynucleotide chain termination technique (27). Extent
and direction of sequencing are indicated in Figure 1A. The sequence data were
analyzed using either the Beckman Microgenie sequence analysis programs or the
VAX/VMS system using software from the University of Wisconsin (28,29).

RNA hybridization analysis

RNA was isolated by the guanidinium thiocyanate - LiCl method for use in
Northern blots (30). Total or poly(A)*RNA purified by oligo d(T) cellulose
chromatography was electrophorezed on 0.8% formaldehyde gels and hybridized
with probes labelled by random priming as previously described (10).

The S1 nuclease protection assay were carried out at 57°C hybridization
temperature using uniformly labelled single stranded DNA as described before
(31,32).
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RESULTS
Characterization of cDNA clones

Several overlapping cDNA clones (NM, DW1, DW2, DW42) were isolated from two
libraries constructed from young postnatal mouse brain poly(A)*RNA by screen-
ing with the previously described probe pM1.3 (25). Another clone, HB4, was
obtained by screening a cDNA library with a genomic fragment isolated from the
cosmid clone 3.1 which contained the 3' end of the mouse NCAM gene, and used
in turn to isolated clones DW60 and DW61. The two sets of clones did not
overlap, but hybridized to adjacent Kpnl fragments of cosmid 3.1. A 4.9 kb
BamHI fragment of the genomic clone 3.1 (clone B22) that hybridized with both,
DW2 and DW60, was subcloned to determine the relation between the two sets of
cDNAs. A 5' BglII - BgllI (clone Bg3) and a 3' BgIII - BamHI (clone Bg2)
fragment of this clone spanned the region separating DW2 and DW60 and was
further subcloned into M13 vectors. A schematic representation of the
different clones is shown in Fig. 1A.

The approximate location of DW2 and DW60 with respect to the cosmid clones
4.1 and 3.1 containing this part of the mouse NCAM gene was determined by
hybridization (Fig. 1B). For comparison, the previously described NCAM cDNA
DW3 (24) was hybridized to the same cosmids. A convenient Stul site (Fig. 1A)
was used to prepare a 5' and 3' probe from DW2 (DW2-5' and ~-3'). One Kpnl
fragment was recognized by both, DW2-5' and DW3. However, an adjacent Kpnl
fragment hybridized only with DW3 and a probe containing the 3' end of DW3
(probe 3SEA from ref. 24) specifically recognized this fragment. Probe DW2-3'
and the DW60 insert reacted with two different Kpnl fragments located further
3'. Hence, the 3' parts of DW2 and DW3 appeared to be encoded by different
exons.

Clones NM and DW2 were sequenced on both strands and found to be identical
except for the fact that DW2 extended further 5'. Partial sequences obtained
from clone DW1 and DW42 also showed them to be identical with NM and DW2.
Sequences of the entire 3' clones DW60, DW61, and HB4, which contained only
non-coding region, and parts of one strand of the genomic clones Bg2 and Bg3
were determined. The combined sequences are shown in Figure 2.

The 5' region of clone DW2 (nt 1745-2265) was nearly identical to part of
the previously published sequence of clone DW3 (nt 1745-2265; ref. 24).
However, six insertions and deletions and one exchange of single nucleotides
were conspicuously clustered in a small region of the DW2 sequence. Their
presence leads to two small shifts in the reading frame that extended over 6
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Fig. 1 Schematic representation of cDNA and genomic clones and hybridization
of cDNA probes to the cloned NCAM gene. A) The center box represents the
merged cDNA and genomic sequences corresponding to the NCAM-140 mRNA. The bar
within the center box indicates the coding region with the NCAM-140-specific
part marked by vertical stripes. Common NCAM 5'-sequences symbolized by the
dotted region of the center box have been published in ref. 24. The hatched
box represents the approximately 0.5 kb of unsequenced non-coding region.
Along the sequence some restriction sites (St=Stul, Hc=HincII, K=Kpnl,
Bg=BglII, H=HindIII, S=Smal, Ba=BamiI), the cap site, the polyadenylation
signal (AATAAA) and the poly(A)-tail (Aa) are indicated. Above and below the
center box the cDNA (solid bars) and genomic clones (open bars) are indicated,
vwhich have been used for mRNA hybridization analyses and sequencing (the thin
arrows show the sequencing strategy; the arrow marked with an asterisk repre-
sents the sequence obtained by priming with a synthetic oligonucleotide). The
two arrowheads mark the border between Bg3 and Bg2, the zigzag line indicates
intron sequence. The 5' inverted region of HB4 is set off by a grey bar. B)
Restriction fragments of genomic NCAM-DNA in cosmid clones 4.1 and 3.1 are
indicated, which hybridize with defined cDNA sequences (hybridization with:
DW2-5' (5' end of DW2 to the Stul site) and DW3 (Fig. 1 in ref. 24) [crossed
lines], DW3 and 3SEA (NCAM-120-specific subclone of DW3; Fig. 5 in ref. 24)
[hatched bars], DW2-3' (Stul site of DW2 to its 3' end) [solid bars], and DW60
[open bars]. Relevant restriction sites are indicated.
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3725 CTACCéCTGAGGATTCTGATTCATTACAGTTTTTACCTGTGTCAACTGGGCGAGAGCCTC 3784

3785 CTTCT&AATGATTTGCCTTTTTTT 3808

4308 GT&CACTGTGGA&GCGTGAATA*TTTAGTGTGAAACGTGTTT%TGTCATAGTATTGAATA 4367
4368 AAACTTCAACATAGTTTGGTTG%GGAAGGTATAGCAGATAGT&CAGAAAAGAAAAAAAAA 4427
4428 AAAACACAAACAACTTATTCAG&AAACAAAAC;AAACAAACAAATCCCAAAA&GAAAAAA 4487
4488 AA&GAATCAAGG&CTTTTAATA&GCAATAAAA&AGAGTGACAéTGATGAAGAéGACGCTA 4547
4548 AG&CAACAGACG%CCCCCGACA&CACGTGTTC&TTTCCCAAG%ACAAAGTGA&AAGAGGT 4607
4608 TA&GGTGGCCAG;CGCACCCGT&TTCACTCTG&GGGCCACAT&CCCCAGGGT&CTGACAC 4667
4668 TT&TGCAGTGTGACCAGTGGTGATGCTAGGTTiTAATTTCAAACTGTGAAAAATAATGGT 4727
4728 CTéGTCCTTTAC%CAGTGTGGG&TTATTTTGCATTTTCTCAGéTCCCGGGGA&GGGAATG 4787
4788 GA&GATCCCAGAACACTCACTCAGCCCAGCCCAGCCCCTTTG&ATTCCAGGG&CTGCACA 4847
4848 GA&CCACAGTTCACGTACAGGG%CCTCAGGAA&AGCTATCGG&TAGACAACT&TGAGGGC 4907

4908 ACTTAGCAGAATGGGAGAGCTGGGTAGCACCCGAGCCAGGTCCTTGCGGTGAGGGGCAGA 4967

4968 CT&CTTGGGCCA&AULIUAlbL;bthATCGL;llLLLATAT&GTGAAGTCG&CGGCTGG 5027
5028 ACéGGCTCTGCGAGGGCACACT&TACCTCCTG&AAATGGTGTACTCCACTGT&TGTGGTT 5087
5088 GG&ATACATTGA&CTCAACTCTéATGATAAGAAGAGACAAGA&GTATGGCCAACTCCAAA 5147
5148 ATAATGTGGCCCAGAGTAGCTGACGCTCAGAA&ACTGGCCACACATTTGCTG&AAGCCAA 5207
5208 GAéCGCCCACAC%TTGATATGCéTCTCTCTTTATACATATGT&TGTCTCGCCATGCATGG 5267
5268 GT&TTCCTTTCTiCCTTTTTCTéTTTCTTTTTATTTTTAAACAGCAGTAGTC%CTCTGAT 5327
5328 AT&AAAGAGGGA&ACAGTGTAT&CCCCCCTAT&CTTTTATGT&AAGAAATAA&TATTTAG 5387

5388 TTTTCTGTAGGGTTTTTTGGTTTT TTGTTTGTTTGTTTGTTGTTTTAGTTT 5447

5448 TT&GAAGGAGGGATGGACTCCACCAGTGTCAGTGTCGGTGTG*CTTATGTCTATGTGGCA 5507
5508 TACATTGTATCACATAAAGACCAGCATGGCCAAGTTCCGTGGGAAGGTTACC&AGGTGCC 5567
5568 ACéAGTGGGGTCTCCCAGTCCTGAAGGGCCAAGGTGTATCCAACAGGATTCTATGTCCTC 5627

5628 ATTTTCTATGGGACCTCCCATGCCCAGGGTCTCACCCTCAGCTGTCCGTCTG&ATGGTGG 5687

5688 TGATCACACCTCCATTAACATCCTTACCCAGCATTCTGTACTTC! ll;LlLlLll 5747
5748 GTTATAAAAACTTTTTACTGAGTGAAACATCAACACCACCTT%GTTTCCATT&TCACTGC 5807
5808 TGiAAATACTGAGTACTAACTGAGAATTTTGACTTTGCATTC&GTCAGAATA&TTGTGTT 5867

5868 CAATAAAAGTTGAAAGAAAAAAAAAAAAAAAAAAA 5902

Fig. 2 Complete sequences of cDNA clones DW2 and DW60 and partial sequence of
the genomic clones Bg2 and Bg3. Both, the 5'- (nt 1745 - nt 3808) and the 3'-
sequence (nt 4308 - nt 5902) are numbered relative to the cap site of the
common 5'-sequence of NCAM (24). The beginning of the NCAM-140-specific
sequence is marked by an arrow, the two stop codons following the coding
region are underlined. According to restriction and S1 mapping data the
unsequenced area between the given sequences is approximately 0.5 kb 1long.
Thus, the first nucleotide of the 3'-sequence has arbitrarily been numbered
with nt 4308. The amino acid positions 600, 700, and 800 are marked by circles
(see also Fig. 3); the cystein residues are indicated by squares. The
potential glycosylation site is marked by an open triangle.
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and 2 amino acids, respectively. The reason for these clustered sequence
differences is unclear at present. They cannot be explained by polymorphism,
since clone DW2 and DW3 have been isolated from the same library made from RNA
of an inbred mouse strain. Alternative use of small, highly homologous exons
would be a possibility. Accumulation of reverse transcriptase errors or of
point mutations during cloning in a region which contains two inverted repeats
would be another possibility. Sequencing of the corresponding region of the
genome will be necessary to resolve this matter. In any case, since two
independent clones, DW2 and DW1, showed sequence identity over this region
(not shown), the sequence reported here should be free of cloning artifacts.
Between nt 1967 and 2265 the DW2 sequence was identical to the one established
for DW3 except for a C-G exchange at position 2130. This sequence identity
ended abruptly at nt 2266. DW2 continued with an open reading frame of 440 nt
followed by 400 nt of non-coding region. Although the 3' non-coding region of
DW2 is entirely different from the corresponding area of the NCAM-120 sequence
(24), both of them contain stretches of (AC)n-repetitions starting 50 to 100
nt downstream of the stop codon.

There was no polyadenylation signal in DW2 and this clone seemed to contain
only a small portion of the non-coding region of its cognate mRNA. The more 3'
located clone DW60 provided a further 1.38 kb of non-coding sequence and
terminated with a poly(RA) tail, 9 nt downstream of a canonical polyadenylation
signal AATAAA. Hybridization data and detailed restriction mapping (not shown)
revealed that the region linking the two cDNAs was contained in the B22
subclone of cosmid 3.1.

To determine precisely the regions of overlap between the different clones,
a convenient BglII site in B22 was used for subcloning in M13 vectors. The
resulting clones, Bg2 and Bg3, were sequenced from both ends. Bg3 was found to
contain the 3' end of DW2 plus additional 54 nt up to its cloning site. Bg2
overlapped at its 3' end for 265 bp with DW60. S1 nuclease experiments
established that clone Bg2 was not interrupted by an intron. Together, the
different clones covered 4.13 kb of contiguous sequence from the beginning of
DW2 up to the poly(A) tail of DW60.

Another cDNA clone from the 3' region of the NCAM gene, HB4, was identical
with clone DW60 over most of its sequence and appeared from this data and its
hybridization pattern on genomic DNA to be contained entirely within DW60.
Curiously, however, a sequence of 196 bp at its 5' end was in reversed
orientation with respect to DW60 and DW61. This may be a cloning artifact, but

leaves the possibility open that an inversion of a small segment has occurred
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Fig. 3 Hydrophobicity plot of the NCAM-140-specific part of the DW2 sequence.
The begin of the NCAM-140-specific sequence is marked by the arrow. Values >0
indicate hydrophobic, values <0 hydrophilic character. The given figure is the
original plot obtained by the "PepPlot" computer program measuring the
"hydropathy" according to Kyte and Doolittle (49). The numbering of amino
acids on the abscissa is as in Fig. 2.

in the mouse strain from which the postnatal day 15 library has been prepared.
Amino acid sequence and comparison with chicken NCAM

The sequence of the extracellular domains of NCAM has already been analyzed
(24) and will not be discussed here. Twelve amino acids behind the homology
breakdown with clone DW3, the DW2 sequence predicted a highly hydrophobic
stretch of 17 amino acids constituting a putative transmembrane domain
(Fig. 3). This number of amino acids is too short to span the membrane in a a-
helix configuration. However, a moderately hydrophobic stretch of amino acids
was present further towards the C-terminus relative to the hydrophobic segment
(Fig. 3), and the transmembrane region could thus start anywhere in this zone.
In contrast to most membrane proteins, the beginning of the transmembrane
domain of NCAM is thus not defined by several charged amino acids. Interest-
ingly, a potential site for Asn-linked glycosylation was found within the
moderately hydrophobic stretch, but it is not known whether it is glycosylated
in NCAM. The putative cytoplasmic domains started with an Asp residue and
continued for 120 amino acids, but the first 22 amino acids were also
relatively hydrophobic. The segment contained four evenly spaced cysteines
(Fig. 2). Free cysteines or S-S bridges between NCAM polypeptides or between
NCAM and other proteins have not been detected (33). The four clustered
cysteines may thus form two short S-S linked loops. Another possibility is
that they bind the fatty acid residues, known to be present in NCAM-140 (1;
He, Finne & Goridis: submitted) linked to their SH-groups as observed in other
proteins.

The extracellular regions of the three prominent NCAM polypeptides appear
to be identical as are the 5' parts of their cognate mRNAs (13,14,19,22,34).
The open reading frame in DW2 when joined to the 5' sequences contained in
5.7C and DW3 (24) predicted a protein of 829 amino acids (after cleaving of
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Fig. 4 Schematic representation of mouse NCAM-140 and -120 and homology with
the chicken proteins. The 5 Ig-like domains are numbered 1-5 (residues 1-480).
It follows a region devoid of cysteines (residues 481-682). The two NCAM
polypeptides diverge at residue 682. The C-terminal segment of NCAM-120 is
given by the open bar (residues 682-706). The transmembrane and cytoplasmic
domains of NCAM-140 occupy residues -~683-829. The percent homologies with the
corresponding portions of the chicken sequence are given. The triangle marks
the location where we have situated sites for alternative splicing in the
cDNAs; at the open triangle, the extra-exon contained in the chicken analogue
of NCAM-180 is spliced in. -+ = Potential Asn-linked glycosylation site shared
by mouse and chicken NCAM; a 6tb site is only in mouse NCAM at the beginning
of the transmembrane region.

the signal peptide) with a Mr of 91,276. This size is considerably smaller
than the size estimate of 130,000 for the smallest transmembrane form of NCAM
based on SDS-gel electrophoresis of the deglycosylated molecules (34).
However, similar discrepancies between estimations from SDS-gels and the cDNA
size have been described for other proteins (see, for instance, 35,36), and
our value closely agrees with the one (Mr = 89,625) reported for the sequence
of the corresponding chicken protein (22).

With the sequences reported here and the already published ones for chicken
(22) and mouse (24) NCAM cDNAs, it is possible to compare sequences of two
NCAM protein isoforms and most of the non-coding regions of the corresponding
transcripts. The percent amino acid homologies for the different segments of
NCAM-140 and -120 are given in Figure 4. The homology was high throughout the
extracellular domains, the transmembrane segment and the cytoplasmic region.
This homology ceased at the point where in chicken the extra exon contained in
NCAM-180 is spliced in (14,22). However, within this region some differences
could be noted. The homology was highest in the second and fifth Ig-like
domains and in the cytoplasmic part (97 %, 98 % and 98 %, respectively) which
may fulfill highly conserved functions. On the amino acid level these regions
differ only to minor extents: three differences in the second domain (two of
the highly conservative type), two differences in the fifth domain and two
differences in the cytoplasmic domain (one of them conservative). Towards the
C-terminus and past the splice site, the homology dropped to only 20 %. The
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Fig. 5 Comparison of the 3' regions of mouse and chicken NCAM cDNAs. A,
Alignment of the 3' part of clone DW2 (upper sequence; nt 344 = nt 2588 in the
combined sequence in Fig. 2) with the end of the coding region and the first
part of the 3' untranslated region of the chicken NCAM cDNA from ref. 15
(lower sequence). The stop codons in both sequences are marked. B, Matrix
comparison of the DW60 sequence (abscissa; nt 1 = nt 4511 in the combined
sequence in Fig. 2) with the corresponding region of the NCAM cDNA clone from
ref. 22 (ordinate).

region of difference at the C-terminus of NCAM-120 showed 72 % homology.

At the nucleic acid level, the combined mouse and chicken sequences were 78
% homologous up to the splice site in the C-terminal region. Here the homology
dropped , but curiously, the sequences were again highly homologous downstream
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Fig. 6 Northern blot analysis using NCAM cDNA probes. A, Differential
recognition of NCAM nRNAs by 5' and 3' probes. Poly(A)*RNA (5 pg) from
postnatal day 21 mouse brain was electrophorezed on 0.8 % formaldehyde gels
and probed with either DW2-5' (lane 1), DW2-3' (lane 2) or HB4 (lane 3). B,
Expression of NCAM mRNAs in neurons and a glial cell line. Poly(A)*RNA from
postnatal day 21 mouse brain (5 pg) of total RNA (20 pg) from the C6 cell line
or from neuronal cell bodies purified from postnatal day 10 mouse cerebellum
were electrophorezed on 0.8 % formaldehyde gels and probed with DW2-5'. Cé6
cells were cultured as described (16). Neuronal cell bodies were prepared from
the cerebellar cortex exactly as described (50).

of the stop codon in the chicken sequence up to the end of the open reading
frame of the mouse gene (Fig. 5A). Most of the non-coding region contained in
clone DW60 showed 1little homology with the chicken gene except for two
regions, nt 215-277 of DW60 and the last 181 nt in front of the poly(A) tail
(Fig. 5B).
RNA hybridization analyses

At least four different NCAM mRNA species have been identified in mouse
brain. The previously published NCAM cDNA clone DW3 appears to be derived from
the smallest mRNA of 2.9 kb (24). The sequence comparison between DW2 and DW3
and their hybridization pattern to the genomic region indicated that DW2
corresponded to a different NCAM transcript. RNA blot hybridizations were done
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to test this directly. A Stul site located 17 bp 3' to the point where the two
clones diverge was used to generate a 5' and a 3' probe from DW2. As expected,
the 5' probe containing the region of sequence identity with DW3 hybridized to
all four size classes of mRNAs present in postnatal day 21 mouse brain. In
contrast, the 3' probe recognized only the two larger transcripts of 7.4 and
6.7 kb. The 3' clone HB4 also hybridized to the 7.4 and 6.7 kb mnRNAs
exclusively (Fig. 6A). It became thus clear that the transmembrane and
cytoplasmic domains predicted by the DW2 sequence were common to the two
larger NCAM mRNAs as was the large non-coding region, whereas these sequences
were not contained in the two smaller RNA species.

Previous results have shown that the NCAM mRNAs are expressed in a tissue-
or developmental stage-dependent manner (10,21,23). To determine whether
neurons or glial cells, the two major cell types in the brain, may show
differences in the expression of the NCAM gene transcripts, the 5' probe of
DW2 was tested on RNA preparations from the cell 1line C6 of astroglial
character (37) and on bulk-purified neurons from the cerebellum. C6 cells
contained mainly the mRNAs of 6.7 and 2.9 kb. The purified neuronal
preparation expressed all four species, but compared to whole brain, the
signal given by the 5.2 and 2.9 kb mRNAs was much weaker (Fig. 6B).

In the chicken, the difference between the two larger NCAM mRNAs (~7.0 and
6.2 kb) has been shown to be due to the presence of an extra exon in the
largest mRNA (14,22). S1 nuclease mapping experiments were performed to reveal
whether a similar splice site may be present in the mouse NCAM mRNA. S1
nuclease mapping was also carried out to test whether the Bg2 genomic subclone
vhich covered nearly all of the region between DW2 and DW60 might be
interrupted by an intron. Finally, the two subclones 5.7C and DW3/S1 (Fig. 1A)
(= Lebal 1 in ref. 24, Fig. 1) were used to search for alternative splice
sites in the 5'-region of the NCAM messenger.

Two alternative splice sites have been already suggested in the 3' half
of the mouse NCAM-120 sequence (24). In order to check the NCAM-140-specific
region downstream of the alternative splice site b, we applied clone DW42 (693
nt; Fig. 1A and 7C) which carries the sequences between nucleotide 2220 (just
5' of the alternative splice site b) and nucleotide 2913 (Fig. 1A and 2). 1In
the S1 protection assay of the DW42 probe (777 nt) a band of 693 nt and a
double band of <367 nt represent the protected fragments (Fig. 7A, 1lane C).
The largest fragment showed that many of the probe molecules were protected in
their entirety. The additional band just below appeared only in one experiment
(Fig. 7A, lane C) and not in others; we therefore interpret it as an artifact.
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The fragments of small molecular weight (Fig. 7A, lane C) were 367 nt and
possibly 326 nt in length. They most likely represent subfragments separated
at an alternative splice site at position 2587 (Fig. 7C). At this location an
extra exon (Fig. 7C, ce) is spliced into the NCAM-180 sequence of chicken
(14,22); an equivalent exon has not been found in mouse yet, but should be
present in the 7.4 kb NCAM mRNA. The S1 mapping of clone DW2 has been verified
using the longer clone DW2 which fully includes the sequence of DW42 (Fig. 1A
and 7C) for similar S1 nuclease protection analyses. Again, the full 1length
cDNA sequence (1362 nt) of the probe (1453 nt) was protected, additional
fragments of 842 nt and 520 nt (Fig. 7B, lane D) may have been generated by
hybridization to transcripts which contain extra exon(s) spliced in at
position 2587 (Fig. 7C). However, we cannot discriminate whether the 520 nt
fragment contains the sequences between nt 1745 and 2265 or between nt 2587
and 3107, or consists of a mixture of both fragments, which may be the most
likely interpretation.

The probe 5.7C (587 bp in length; Fig. 7A, lane P) contains the 503 bp
downstream of the major cap site (24) and additional 84 bp M13-polylinker
sequence. Hybridized with poly(A)*RNA from 3 day old mouse brain (without
cerebellum) (P3 TB-) and digested with S1 nuclease the major fraction of
protected fragments of the 5.7C ss-probe was 503 nucleotides long (Fig. 7A,
lane A), while the two smaller fragments (460 and 430 nucleotides) represent

Fig. 7 Analysis of NCAM cDNA clones by S1 nuclease protection assay. Total RNA
of murine postnatal day 3 brain (without cerebellum) (20 pg per hybridization)
was hybridized with four single-stranded anti-sense DNA probes, 5.7C (Fig. 1A
and ref. 24), DW3/Sl (a subclone of DW3; Fig. 1A and ref. 24), DW42 and DW2
(Fig. 1A). All numbers give fragment length in nucleotides. Panels A and B
show autoradiographs of polyacrylamide gels separating the protected 1labelled
probes. A) In lanes A, B, and C the protected fragments of clones 5.7C,
DW3/s1, and DW42, respectively, have been separated. The original single-
stranded M13-probes of these three cDNA clones (587 nt, 1184 nt, and 777 nt,
respectively) have been marked. The lanes M show size markers of 998 nt, 634
nt, 517 nt, 396 nt, and 298 nt from top to bottom). B) In lane D protected
fragments of the DW2 probe (1453 nt) are shown. The 520 nt fragment (marked by
the asterisk) is clearly visible on the original x-ray film. (Due to
considerable size differences of protected fragments slightly different gel
systems have been applied for the same probe. Protected bands were identified
on several autoradiografies and not all of them, especially the very large and
the very small ones, are necessarily visible on the same film.) The four size
markers (lane M) are as the first four in panel A. C) Probable location of
protected fragments of clones DW2 and DW42. The solid bars represent the
single-stranded cDNA, the thin lines symbolize the protected fragments deduced
from the position of the bands in panels A and B. b = splice site b (24);
ce = relative position of the extra exon in chicken.
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minor fractions of protected probe. Since the intensity of the two minor bands
is well above background, we interpret them as being protected by mRNA species
starting in the 5' non-coding region at minor cap sites approximately 40 and
70 nucleotides downstream of the major cap site. Possible start sites are the
adenosines either at position 40 or 42, or at position 74 (ref. 24, Fig. 2),
all of which are flanked by pyrimidines (47,48). However, a loss of 40 to 70
nucleotides at the 3' end (or short truncations on both ends) of the 5.7C
probe cannot be totally excluded. The finding that clone DW3/S1 (Fig. 14) (a
subclone of DW3 ranging from 273 to 1361; see also ref. 24), which lacks the
very 5' part of the NCAM sequence, was protected in its entirety (Fig. 7A,
lane B) argues in favour of our interpretation. We thus conclude that there is
no alternative splice site in the 5' half of the NCAM coding sequence.

The two genomic clones (subclone BglII-HindIII of Bg2, Bg2/S1) and the cDNA
clone DW61 (Fig. 1A) covering almost the entire remaining part of the 5' non-
coding region of NCAM-140, were exclusively fully protected (data not shown).
We thus conclude that there are no further alternative splice sites downstream
of nt 2587 (Fig. 7C) and that the genomic clone Bg2 does not contain intron

sequences.

DISCUSSION

The c¢DNA clones characterized here code for a membrane-spanning isoform of
mouse NCAM with a relatively short cytoplasmic domain of 120 amino acids.
Because of size considerations, and since they lack sequences homologous to
the extra-exon contained in the chicken analogue of NCAM-180 (14,23), these
clones most likely code for mouse NCAM-140. We have previously reported the
sequence of the mouse NCAM cDNA DW3, which does not encode a typical
transmembrane segment (24). This clone appears to be derived from the 2.9 kb
mRNA and to code for NCAM-120. The three predominant size classes of NCAM have
identical N-terminal amino acid sequences (38) and probably identical extra-
cellular domains. We show here that the 5' sequences of several NCAM cDNAs,
the prototype of which is DW2, are nearly identical with DW3. This homology
breaks down 72 nt before the end of the coding region of DW3. DW2 continues
with a longer open reading frame of 440 nt. Based on this and the S1 nuclease
mapping data, we propose the model (Fig. 4) showing the proteins encoded by
these cDNAs. They are identical up to the amino acid residue 682. Here they
diverge; NCAM-120 ends with a short segment encoding 24 moderately hydrophobic
amino acids. NCAM-140 contains a transmembrane domain and ends with a
cytoplasmic segment of 120 amino acids.
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Three kinds of evidence indicate that DW2 and DW3 represent alternatively
spliced versions of the primary NCAM gene transcript. First, probes containing
the sequences common to the two clones hybridize to the same fragment of the
cloned NCAM gene. However, the region of difference of DW3 and the 3' part of
DW2 recognize different fragments which are located further downstream.
Second, 1in Northern blots, the 3' region of DW3 detects only the two larger
NCAM mRNA species as does the 3' clone HB4. All four size classes are revealed
by the 5' part of DW2. Third, by S1 nuclease mapping we have situated a major
splice site in the DW3 sequence (24) at precisely the point where DW2 and DW3
diverge. The S1 nuclease protection data with DW2 presented here are also
consistent with a splice at this position. The full protection of the 5°'
probes 5.7C and DW3/S1 further confirms that the 5' regions of all NCAM mnRNAs
are identical.

Clone DW2 does not contain the end of its cognate mRNA. Another clone,
DW60, was isolated that contains a polyadenylation signal and ends with a
poly(A) stretch and which could be linked to DW2 through a genomic clone. S1
nuclease protection experiments done with DW60 and the genomic clone Bg2,
which contains nearly all of the intervening sequence, demonstrate that the
genomic clone is not interrupted by an intron. This excludes the possibility
that major deletions have occurred in our clones. The full protection of these
clones indicates that the 3' non-coding region does not contain major
alternative splice sites. Together, the different clones cover 4.13 kb of
contiguous sequence. This length, when combined with the 5' sequences
contained in the NCAM cDNA clones 5.7C and DW3 (24), predicts a mRNA of almost
6.0 kb. This value is less than the size of 6.7 kb estimated for the second
largest NCAM mRNA, the smallest mRNA detected by the 3' probes. However, our
size estimates in Northern blots are determined by using DNA fragments and the
28s and 18S ribosomal RNA as markers, and the true size, which includes the
poly(A) tail, could be somewhat smaller.

The expression of the four prominent size classes of mouse NCAM mRNAs has
been shown to be regulated during brain development (10). In the light of the
results presented here, the switch from the expression of the 7.4 and the 6.7
kb mRNAs in the embryo to the prevalence of the 5.2 and 2.9 kb species in the
adult brain can be explained by a change in the mode of splicing of the
primary gene transcripts. As shown here, the splicing pattern is also
differently regulated in different cell types. Whereas C6é glial cells express
mainly the mRNAs of 6.7 and 2.9 kb, the 7.4 and 6.7 kb mRNAs predominate in
neurons.
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In the chicken, the two larger mRNAs of ~7.0 and 6.4 kb have been shown to
code for the chicken analogues of mouse NCAM-180 and -140, respectively
(22,23). They seem to be generated by alternative splicing and their size
difference 1is due to an extra-exon which is spliced in near the end of the
coding region of the 6.4 kb mRNA (14,22). Recently, two smaller chicken NCAM
mRNAs have been described (11) which appear to code for NCAM-120 and may be
the chicken homologues of the 5.2 and 2.9 kb species in the mouse. Our S1
nuclease protection experiments are consistent with the presence of an
alternatively spliced site in clone DW2 and DW42 near or at the point where
the extra-exon contained in NCAM-180 is spliced in. Likewise, the sequences of
the mouse clones DW2 and DW3 diverge at the position where in the chicken the
homology ends between the cDNAs coding for NCAM-140 and -120 (22,23). Thus,
the overall organization of the NCAM gene seems remarkably conserved during
evolution.

A high degree of homology is also seen by comparing chicken and mouse NCAM
sequences. However, some differences can be noted. Three regions stand out
with an extremely high degree of homology: the second and the fifth Ig-like
domain and part of the cytoplasmic domain. The homophilic binding site in NCAM
which is highly conserved during evolution (39) has been located in a region
of the molecule close to the N-terminus (34,40) and it may well be contained
in the second domain. The fifth domain bears the unusual polysialic acid units
of NCAM (22,41) which influence its binding properties (9,42,43). No particu-
lar function has yet been assigned to the cytoplasmic region of NCAM-140, but
it could undergo interactions with cytoplasmic proteins and is known to bear
phospho-serine residues (44-46).

In contrast, the homology at the nucleotide and amino acid level is much
lower in the C-terminal region. Downstream of the stop codon in the chicken
sequence and up to the stop codon in the mouse sequence, the homology is again
high. One explanation would be that the premature stop in the chicken is a
recent evolutionary acquisition or even that allelic forms with a slightly
longer open reading frame exist in this species. Alternatively, the conserved
sequence may represent a regulatory element. There is no obvious homology
between the 1large non-coding regions of the mouse and chicken transcripts
except for two segments which may again play a role as regulatory or
structural elements at the RNA or gene level.

Alternative splicing patterns of NCAM transcripts seem to be the main, if
not the only, mechanism for generating diversity among the NCAM proteins. What
may be the selective advantage of encoding different protein isoforms in a
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single gene? The function of NCAM as a ligand in cell adhesion probably
requires conservation of the domains involved in the binding, but also
necessitates the capacity to modulate its binding activity. It might thus be
advantageous to maintain a single copy of the constant domains which are able
to combine with different variable domains as observed in the NCAM system. The
precise contribution of the structural differences thus generated to the
biological function of NCAM is still unknown. However, it has already become
clear that the differential use of exons determines whether membrane-spanning
or 1lipid-anchored NCAM proteins are synthesized. Finally, the alternative
splicing of the NCAM gene is a plastic mechanism which is regulated during
development and differentiation. Formal proof that identical primary tran-
scripts of the NCAM gene are spliced in different ways is still lacking
although this seems likely. If so, we must postulate the existence of trans-
acting factors that control the splicing pathway.
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