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The neural cell adhesion molecule (NCAM) exists in at
least three different protein isoforms which are selectively
expressed by different cell types and at different stages
of development. They are encoded by four to five dif-
ferent transcripts that are derived from a single gene.
Here we report the exon - intron structure of the 3' part
of the mouse NCAM gene. This region contains six ex-
ons. The 5' exon is constitutively expressed in all four
prominent size classes ofNCAM mRNAs detected in the
mouse brain. The second exon contains the poly(A) ad-
dition sites for the two smaller mRNAs of 5.2 and 2.9 kb
which differ in the length of their 3' non-coding regions
and seem both to encode NCAM-120. This second exon
is absent in the largest 7.4 kb transcript which encodes
NCAM-180; in the 6.7 kb mRNA, which appears to code
for NCAM-140, the second and the fifth exon have been
spliced out. This data explains how the prominent four
transcripts and three protein isoforms of mouse NCAM
are generated from a single gene. The alternatively splic-
ed fifth exon is surrounded by inverted repeats poten-
tially capable of secondary structure formation, that may
sequester this exon in a loop.
Key words: alternative polyadenylation/differential splicing/
gene structure/mouse NCAM

extra domain in the cytoplasmic region of NCAM-180 (Mur-
ray et al., 1986). NCAM-120, by contrast, lacks a trans-
membrane segment and is anchored to the membrane by lipid
(He et al., 1986; Hemperly et al., 1986b; Barthels et al.,
1987). The expression of the different polypeptides depends
on cell type and age. For example, NCAM-180 is produc-
ed by neurones, but not by muscle cells, whereas
NCAM-140 is associated with both cell types. NCAM-120
is prominent on astrocytes and muscle cells and appears later
in development than the other forms (for review see
Rutishauser and Goridis, 1986). Recently, a probably
muscle-specific variant form of NCAM-120 has been iden-
tified that contains a short extra sequence in the membrane-
proximal region (Dickson et al., 1987).

Several lines of evidence indicate that the NCAM isotypes
are derived from a single gene by alternative processing of
the primary gene transcript. All fragments that hybridize to
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Fig. 1. Schematic representation and restriction map of the 3' region
of the mouse NCAM gene. The segments above represent the genomic
fragments contained in cosmid or plasmid clones. The arrows below
represent the direction and extent of sequencing. Hatched bars show
the location of fragments used as probes in the Northern blots shown
in Figure 2.
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Introduction
NCAM (neural cell adhesion molecule) is the name given
to a class of plasma membrane glycoproteins that play a key
role in various developmental processes. NCAM is thought
to mediate cell-cell contact formation by binding homo-
philically to NCAM on another cell (for reviews see Cunn-
ingham, 1986; Edelman, 1986; Rutishauser, 1986). The
three prominent NCAM proteins identified in different
species migrate in SDS gels with apparent Mrs of 180, 140
and 120 x 103 (called hereafter NCAM-180, -140 and
-120). They have identical N-terminal domains and differ
mainly by the size of their transmembrane and cytoplasmic
domains (Cunningham et al., 1983, 1987; Gennarini et al.,
1984; Nybroe et al., 1985; Barthels et al., 1987; Santoni
et al., 1987). The two larger polypeptides span the mem-
brane; their size differences are due to the presence of an
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Fig. 2. Northern blot analysis of post-natal day 15 mouse brain
poly(A)+ mRNA. The genomic fragments used as probes in lanes
1-6 are those shown in Figure 1. The sizes of RNA bands are
indicated in kilobases.
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* xo.sso . .O xon c so
CTCTGCGACTGCTCCCAGAGCTCGCCTCTGAGTG,GAAACCGGAAATCAGOCTCCCATCCOGCAOTGACCACGTCATOCTC AGACCACTTCTTTCCCACTTAASCCAATSCABCCCCACCBCABGCCTGA6CACABOCB3CCATTBTSOSCATCCTCATTG

L AS ESW K P S IR L P50 S D H V A L (AN 698 P TA 9 L S T G A I V I1L I

* ~~~~~~~~~~~~~~~~~~140140
AAGTCCCTGGACTGGAACGCAGAGTATGAAGTCTATGTGGTAGCTGAAAACCAOCAA6BAAAATCCAAGGCAOCTCACTT TCATCTTCSTCCTGCTCCT0ST0STCATSSACATCACCTOCTACTTCCTGAACAASTSTSSCCTSCTCATsTOCATCOCT
K S L D W N A E YE VY V V YAKE N 60 6KGK 5 A A H F V I F V L L L V V MAD I T CVY F L N K CS0 L LAM CI A

TGTGTTCAGGACCTCAGCCCA0.cccAcG0CCATCCCOTTACA6CCATGTCT6TTTTCTeTCTGTTTCC~CCCSCTTT6AA GTACG9=AP~T-- BCT- TCTCYGT2"
V F R T S A 0 P T A I P V M L C S K A S9P 6 AS K OAK K 3 Sa K A A F (5)

TTAATGCATACAAGCCCGC8CTCCTAATGAGCTGACCAGCCTGACAACTGCTTGCTTACAE6CCATCCTCATGACTG AAACCCBTCCTSTCABT6CGTGTTAGBCTCTSCCCCAGCCCASSSCCT9SCTCT6TBCTATCTSABASTSCTCTASTUAC

* ~~~~~~~~~~~~~~~~~400
GTTGCTCCTGCCAAGCTTAGTTTTGCCTTATCCCCATCTGTGCAATIBCCC4;GACT~TTAOCGT W&WGTGAACGOCTOCACTSTC

AAAGCCTCATAAACATTTG6AAGTTTCT6ATGATGTCAAAAAB6T99ACiTGTCAGATTTAAACTTSGA6BAMCT,TS
TTTTTTCCTCTGTTTCTGTCTCTGCCTTCTCTTTCCTCCCTGCCCACAACCCCCCCCCCCCAT6TGTCTCCTGTCACACT 560

140
TGTCACCCTGGACGTCACTGGGACATCCCCACTGCCAAATTTATGTCTCAACAACCACCTTTCCTCT6GGACCCATTGCT 440

OZOPb Llk~~~~~~~~~~~~ ACCCCGTATCCTS9CTCTAG6OCACCAAS6AAAAGACAA9CACTGTGTATGTTCTTCCCA CAWAOCTCTST

TGG.CACCTGCATCACCCT660C6OAAGCTCCACCTCCTACACCTTGSTCTCATTSCTTTTCTCTGCSBTGACTCTTCTT 730
jA) T L 6 6 5 5 T S Y T L V S L L F S A V T L L TA6CTAGTTAGTAGGAGATATCGAA6TCCSTG6OGTAAGGAG6CT9TTGTAG3CAASCT6AGAAhBAO9ATOA9AA

CTGCTCTGATAGAAACTTGAAAT6CAT6TGT6C6AGCTCTCATDTGCC6CATGC6CACACOCACACACAC6CACACOCAC TAAATTGCATAACACCCCCACATGCAAGTAACTCTATAGATAS6TASATAGATAOATASATAGATABATAGATABATAUA

** ~~~~~~~~~~~~400TAGATAGATGCATATATATACATATATATATATATATATATATATSCATACATACACACASBTTTGT6TATACACA0TTA
AC6CAGAC6CACOCACACGCACACAACACACACACAG3AACACACAGCSCCCAAASCC CACACGCBCAAC*90

* ~~~~~~~~~~~~~~460CAAATACATTTTTAT6CATA'CATATACAT6'T6TGCACATAABTTTGCATiTT9ABCABTT;AOCACTGTS3CTTAAAACCTT
ACGCACACGCACGCACACACACACACACACACACCATTGTATTTGATTAAAABCCCAGTTCCTATOAAATCATCABTTGT

* ~~~~~~1040
* Sb-~~~~~~~~~~~~~~6 TTCTCATTTAGTTCTCATAGTTAGTCAA66TATATGCTTACTTGTCCTAATGTACAGOGGGTACG69~AGTiA63iTS

CCCTCTTTGAAAGAACCT6TCACT6AGAGAGTGGCTCTGT6TGACASAATCTTGSTGACTOSAAACAGATTTACC
*** * 840 ~~~~~~~~~~~~~A6GA6A66T6A6BT9A6GT6AGGT6A66TGA6GTAACTGTCTTAT6TATA6G6ACT9CACT5ATGCAGACACAATCATCC

TCCTAAGATTTTTGTCATTCACTGATACTTTTTTGTCACTTCTTATSGAGTCT6TCCCCTTTTTAATAGTAB.TAAAAAAT 10

* ~~~~~~~~~~~~~~~720A nCCCACTCTSATACCCAWAACCATSCCCCTCCTTACACTTCTTTCTTC6AT ACTTTCTCcyAuhgCA
ATATATATATGAGAGA6ATT6AAAGATCTTTCTTCCAATACTATTTTTT AAA TTGTGTAA *xpn d
* m~~ ~~~~~~~~~~~~~~ooTCCTGSSATCTAACCATWSAACTTTCTCCAASAUTAB"TCAAAAGAACCCATTBTG6AGBTCCSAACSSASAAS

AGTTTACGGGGATGTCGCCACCATCTGTTOCTTGT6TCTTTGCTGTTTATACCTAACGT6CAGCAGCA6AGAATTCTAG K D K S K K P I V S V A T K S

* 990*~~~~~~~~~~~~~~~~o 1340
ACTTCTAAAGCTTGGCTCAGATTACTGTGAAGGTCAGCACATGT6TCCCTTGTCCTAACACTGTGCCCACCACCTCTCAA AAC6SACTCCAAACCAT6ATGOG9S6AAOCACACAGAGCCCAACAGAACCAC63CCOCTGACAGAACCCGA1TAC6TSSA6

KE N I P N H D 5 5 K H T K P N K T T P L T K P (E)

TAGGTAGCTTTGCCTGCATTTAAGTATTTGAGCACCCACGTT6GAAGAGCCCCT666TGACTCACCTAAGATTCTGCT6C *1440
TAMSAS6TTSTCUCCTCATA0AACCCCAACTCCACCTTATCACCCTACCCCAACCTTCCCCACTTCTCACCCTrmmr

* ~~~~~~~~~~~~~~~1040
CCTGATAGGCAAATTAAATCTTCTGTTGCACGCAGTCGGOAAAAOTTACAAATCATCTATTTCTTCTGGAGCTGATGAAC6 1930

TCCT9GCCAAAGGTSGAAGCCA9AGCTCT6GA6CCCT6GGTCAGAAGACCTTCT6AACCCACTCTCCA6SAAAASA
* ~~~~~~~~~~~~~~~~~1120

TTCTGGAAAGGGTCCGOCATTAGTCTATCTTCTGCTGTCTCTGTGACAT6CCCGATAGGAATGGGCTTTGC,TGTCTGATTC OTTGTCCTO;CIOa
** ~~~~~~~~~~~~~1200

CCCGGTAAAGCTGGCTATTCCACTCCACAGTAGGATGCTTCAGATGAGCACTAAAGCTCCAGGTCCCGGTOGCAGGTCTG 1793
ASATCTTCAS66GTTCTSACCASIZCATGSCTSATASCCTTGGAAGAAATACGTCTCACAbSACAACAATCTAT9BCT0

1280
GTCACGACCTCCATCATCACCATAAACACAGGATGCTGGGTAGTTTGGAAGCCAAGCATCCACTGTGAGTCAGTCACTCT 160

6ASGCTTSOCACATAB6A6CCATTTGGABCACT6BTCCTCTTCATTCT6GCTCTCCCCAT6CCTGCCTASOATTGT
* 1380

CCCCACTGGCCCCTGCATGCTccAAG.AGc,~ACAGTAAGOGCCAGGGCATCTACTCCCACACTG.TTCATCAATCAGGCAGT * *18
AAGATABCTGGACCTCCCCTASGCWTCCAGAAACCTABAGATSATAGACATCAGCTSCCTTCCTOGAST6BAGATCCAMS

** ~~~~~~~~~~~~~~~1440
GTGTCTGACAGTACTCCCACAGCGCCCCAGCTTGCCTACTGGCCTCCACGACACTTTTAATGTTTATGAAAAG3CCCAGOA 9*

GCA6CATAABA6AAC9CTASC SATABGBAACTGSGC6CCTACT6ACAA6CT6AABGBSTBTCAMCT4682
* ~~~~~~~~~~~~~~~1520

ACTCTGCTGCTGTCAGGCAGTTCAGGGAGAAGAGGAGOTG00TGTGGCCATAGTCGGATGCAGGAGAGGCCACGGCT6AA ** * 1088
A.BCTAGCA68TCCCTTTSASA%CTSCCA,C.TTCTTTSTTSTCTCCTSTSTCCTCTTCCCC0T6868CATSTACTTC

* ~~~~~~~~~~~~~~~1800
ACCCAGCCAATAGTGTCAGTGTGTGATGGACCTTCTAATGAATAAAACCCCCTCCCCTCCTGTGGCACCCGTCATTCTAC USE**36

CTATGTCATTTCTGACCATCTCCACACAAGTTTTCTTTATGTTCTCTTTGGTTTTTCACCTATTTTGTTTCTG,TTaTCAT SSTCACACTCCSCTTTASTCTSCATCCTCATSTScTcCCTc

TTTTTTTTTGTAATGCTCAAAGACTAGCCTTTGCCTTTGAAGAAAAATTACTCCGAATGGTGGTCTGCAGGCTGTTG.CAC* * **

** ~~~~~~~~~~1840TS3CCSACACCACA6CCACT6TCSAB6ACATSCT6CCTTCT6TCACCACCSTCACCACTMACTCTSACACTATCACC~A
CCTGCCAGTGTGGTGCATTGCCACCTGCCAGTGTCCCCAAGTGTTCAACACAGAGGCTTCATACTGCTCAGCATCTAAAA A D T T A T V E 0 A L P 5 V T T V T T N 5 0 T I T E

* ~~~~~~ ~~~~1920ATGACAGTGCCTCTCCCTCTCTCCGATAT6AACCTCTGCTCTGGACCCCGTGGCCTCTTCGCACCACTCA'GTGAAGC43 CCTTT6ICCACTGCTCAGAACA6CCCTACCA6TGA6ACCACTACACT9ACCTCCAG3TATTSCCCCAC6CAATOTS
TF AT A 6NS6P T 55E T T T L T S99 I A P PA T T V

* ~~~~~~~~~~~~~~2000
GTGACATGGOOCAGTACAGCAGAGAAA AAAACACGG66CCTCGAGG.CTGCCATGAG.AGTC~ACA TCATTTAAAOAAAGC*

CCABACTCAAATTCT6TGCCCSCT9BTCAGGCCACCCCTTCCAASGSTGTCACTSCTTCATCCTC6TCC~CCACTCAC
* ~~~~~~2090P 0 5 N S V P A G 6 A T P 5 K 6 V T A 5 9 5 5 P A S A

AGcAOGGAGGGCAAAGAG.GCCCACCATGTCCTCTTCTGATGGCCCTAGACAGATGTCACATGCATTCAACTTGGTTCAGA

* ~~~~~~~~~~~~~2160CCCCAAA6TT6CTCCTCT66TTGACCTGAGTGATACTCCAACTTCA6CTCCCTCTS3CTACATCTGTCCTCCACTSTCT
GAGTCTGCCTCAGCCTTGTCTCTGACCTACTCACAGGAGAGGGACAGTGTCAATATTCTAAAGGGACCTCTGGAGATCAA P K V A P L V 0 L 5 0 T P T S A P 5 A S N L S S T V

* ~~~~~~ ~ ~~~~~~~2240EWE*40
CCTAAATGTCCAGAACCAAGCATGOTTCTGTGCTCTTCGCAOCACAA00GCCCAGCCAGCTTGTGGCTTGTAATGCTATG TC6.CTAACCAAG6A6CTGTACTCAGTCCTABCACCCCT6CCAGT6C666A6A6ACCTCCAAB6CCCCTCCABCCABTAAS

L A NO0G A V L S P S T P A SA GS T 5 K A P P ASS
* ~~~~~~~~~~~~~~~2320GCCTACCAGA~CACAO.CTTTATTO.TGCACT~CGCCCCTGCCAOACACTGGC,CCCTCCATTTGAAOGTGT'GGCTCTGGCTT 36

GCCTCCCCTGCTCCCACCCCCACTCCA6CT60G6CAGCCAGCCCCTTACAGCA6TA6CC6CCCCTSCCACA6ATSc=C
** ~~~~~~2400A S P A P T P T P A 6 A A S P L A A V A A P A T D A P

AGCCAGGAGTCTTTAAnAGAGAGPGCTCCCAGGAATCCCAAGGGAGCTCCCACCTCTGCACTGTGTATTAGTACAGTCCGT
* g~~~~~~~~~~~~go ~~~~~ CCACGCCAAGCAG6AAGCCCCCAGCACCAAA66TCC6GACCCA6AGCCCACCCABCCT9GCACCGTSAAGAACCCACCTO

~ACACATGTATCT A U TCTCTCTCTCTTTTTTTTTTTTTYSAATATTTATACA6A8TTCA§ATCACATTTTT 0 A K 6 E A P 5 T K 6 P 0 P K P T 6 P 9 T V K N P P

CTCAT*MTCACTATTTAOT*ACACTAOMTAACT~ATTAM AGGCA6.CCACA6CCCCTGCTA6CCC6AA6WACAA6CT6CAACCACAAA~CCTTCCCA63C6A6ATTAAAAAT68AC
S--- A A T AP A S P K SK A A T TN P S OGE D L K AD

GAAGGGAACTTCAAGACCCCAGATATT6ACCTTGCAAA6GAT6TTTTT6CA6CCCT6GGCTCTCCTCGTCCCGCCACT96
* 5~~~~~~~~~~~70E6 NP SKT PD!I D L A KSD V F A AL 6 SPARPA TB6

low CCGABT6SACAA6CCTCT9ASCTTSCTCCTTCACCTSCASACASCSCTSTSCCTCCCSCAC-- S-------~
STTCTASTTmaSATTTTT;CTTSTSSAAATCATTA.TSTCTTCCTMAAUSATCCC6STbSTC*A6TTCCTTSCThCCT AS 0ASELAPSPAD9AVPPAPAKT

**** - * * ~~~~~~~~~~~~~~~~~3068
USSAATCCT--------SAS TAAT9CCTTT9.AAAASTSTM~TCACTCTSAASCCTCATCS6TSMATSTCCACCA 6CCTCTCTTT6TCCACT6TCATT66GTT6T6TCCAG.TAGTGOT6T6T6TCTBT6CT6T6TTAT6TCCTCC6TSTTCBATO

SCTSCAS46CTCTCTTA9CAASTCTTCTSSSTATSCA;AAAAATCCCCCTAACASTACTAC~ACACACTOCATTTSTS 6CTACTT6AOCTTTAACC6CACA6CT0A6CCSACOSCBCA

** ~~~~~~~~~~04 GGGAT606C6AT6GCAGGG~CGAACGCTiCT6TATCCATAATTAOGTCAT6TTCCTTAGGTTCCATCCTTATCATCCTAIICCATSAS63CTCSTSCAC6CATSASTSTATACCCCCCCCCCCCCCTASATMAAACTASATC -

** ~~~~~~~~~~~3130CATCCCCCCACCA6GAT6CCC-------400 at

6CTCCCTBCTCAGCCATTCT6ATCTUACA6TCATACTSSCCAACTTCSTACCT6STC ACA;sTA rTTGCTTTGACCTCTGTCCTTGGAGACCTGAGACACACAACGGACTTTrTACAGTTTAATTGCCTGTCCC
* . 3 823

TTCCAGTCTcTTAACAGAAAGGCCTACTCTGC)CCTCTGCcTACAGTATCATCTCTAtTr AAr-r-ACTCAGATCCAGCT6
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Mouse NCAM gene

CCAAAAAGACCCCATCCTGAAACAGTATGGGATSAAGCCTTGGGGCAGGCAAAAGAGAAGTGGTTTATGSTAGGAATCCC

TCAAACTGGTACCAGAGCAGAGCCTvGGGCACCTACTGCGTTACTACCACTTGTCACA6TS8SABAGSABAACTCCCASB

TTAAC 250 It ---

4318
TGAAGCTGCAACTSAGCTCTCATCCATTCACGAGCAGGSAGGTS TTTTCTA TTTTC

*_e*gofn f 4398
GCTCTACTAAGTGGTCTTAGCAACACTGTTTCTGTTTCTCTGAGAAAGBGCCCTSTAGAAACAAAOTCTGAGCCCCCSBA

K G P V E T K S E P P E

4478
6TCAGAAGCCAAGCCAGCGCCAACTGAAGTCAAGACGGTCCCCAACGATGCCACACAAACAAAAGAGAATGAGAGCAAAG

S E A K P A P T E V K T V P N D A T 0 T K E N E S K

4556
CATGATGGGTACCAAGCAACAAGCAAAGATCAAAATGAAAAGTGACACAGCGGCTTCACCAGAGCATCCCCAAATAATCC
A #Sd

CCCCCCCCTCTCTCTCACATACACACACACACACACACACACACACACACACACAC8CACACACAAACACATTCCTCTA8

4716
TTCTTTTGCCTTTAAAAACAAAACCAGATA cAcGTCCTTTTTGTAG9STTCTABAAAGB9cTCCTSTST

4798
CTTACACTCACTTGTTAAGAAr CAAAAAGGTTAAACCCACAGCCAAACTAGGACACTCCGTTCCCTGAAAC

4878
CATTTAAAATTCAGACAAAAGGGCCCCAGATTAAGAATCTAGGAAGCTCAGATCG-

4996
_A_G_AAAAAAAA AAGAAAGAAAGATAGATCTAGCCTCSGGAGBTGCAATTGTATTACC

5038
CAATTGGCA6ATCAGTTTCAGAAAAAAATGCTTCCAAGAACTTAGACTAOAGCAATGAACCAAGCCCACAGTTATTTTT

5119
ATACTTTCAGTCAAGTTGGAACTCTGTCGAACCTCACAAATAA6TTATACTTTCCSTTCABTTTSTSTTTSTTCCATAT8

5199
CGGAGTGTGGCACTCTG5CTAGCTGAGTTCAGTTCCCACSBACTCCTSTTTCTTOABAAGCAT8CCAAAT8CCA9CTT
* .~~~~~9876

ATTCCAGTTCTTTTGCTTTTGATTTTTTTTCCTCTACTCTTTCTTTTCTTTCCCTTTCTTCCCTOTTTTTTCAATTTOC

* 539
TTCCAGTGTTTACAAGTTGCAGACTAC9TTT8ACTTTSGTT6T9TTTAATGTCCCTSTAT^AATASCTTCCCCCCC

* ~~~~~~~~~~~542.
CCGCCCCCT6TTTTTTCTTTAAGCAACA8BTACCCCSTABAWGTASAATCCTCACABSTTSCTTTTA8CATTSST

9516
GAAGGTTACAAAAGATGATTGTTTACAGTGSCTCTATCCCCCTAACCATCCCCTUCCCTACCCCT8ABSATTCT6ATTCA

TTACAGTTTTTACCTGTGTCAACTGSCSAGAGCCTCCTTCTG-ATGATTTSCCTTTTTTTTTTTTBTTAATTCT8TTT

CTTAGB6GGAGATGSGGGATSTTAGACCACTTTT GATTABCTGCCACCT8CCTGTGTCT8TSACACTBSACCTACTUCC

* ~~~~~~~~~~~~~~~~~~~~~57569
CAGGTGTCTGCSCACCCTTCCTCTSAAGGACTCCTTTGBCTTTGTT AATA A AA TTOTATABTTSSBCTO

* sm
oGGCTGGTCTTGGTGAACACACTTTTCTTTTTTTTTCTTTTTTCTTTTTTTTTTTCCTTTTTTTTTTTTTTTTTTTTTT

5916
TTACCCCA6ACACCTCCTTTTT8TMAAA8CCAAATAAAATATATACATACCACTTCCTTT C TCTATT

SAACGGAA8AGCBSTST9CTTCA696AABTA6TSTCTCCTTTTG9AAATCTAT66AABTAAA6TACATC66CCTTCT6

4076
TTCAGTTAGGCAACATTTSTAAAAAAAACAAATATCSTCTGGAGTTATAATACAACTCTCCTSGATCOSAAACCAASTSB

6159
GGGGAAAATACAGAAACTTTCAGGGGAT CASC^-C CCTTTGTATA8AAATTTTBCTTTTe

6e3e
TTTTTTCATTCTGCTTTAGAACGCAAGCTTGTSCACTSTGATG3CGTSAATATTTTATTGTAAACGTTTTTTSTCATA

4319
GTATTGAATAAAACTTCAACATAGTTTGTGTTGTGGAAOBATAGACAGATABTT.

CAACTTATTCAGGAAACAAAACAAAACAAACAAATCCC TCAA6BCCTTTTAATA88CAATAA

4478
AACAGAGTGACACTGATGAAGAGGACGCTAAGCCAACAGACGTCCCCCGACAGCACGTGTTCCTTTCCCAAGTACAAABT

GACAAGAGGTTAGGGTSGCCAGACGCACCCGTSTTCACTCTGTGGGCCACATCCCCCAGBGTTTCTGACACTTCTBCA8TS

6436
TGACCAGTGGTGATGCTAGGTTATAATTTCAAACTGTGAAAAATAATGGTCTCGTCCTTTACTCAGTSTGGGTTATTTT

GCATTTTCTCABCTCCCGGGGATGGGAATGGAGGATCC

Fig. 3. Nucleotide sequence of the 3' region of the mouse NCAM
gene. Intervening sequences of - 1800 and 4500 nucleotides,
respectively, space the three parts in which the sequence has been
divided. Arrow heads point at each splice site. The amino acid
sequence of the exons is given in the single letter code. Amino acids
in parenthesis are specified by a codon split between two exons. Some
minor differences were found in the non-coding regions between the
present and previous cDNA data: in exon b, G instead of C at

position 326, two instead of four repeats of the hexanucleotide
ACGCAC, four instead of five A at position 449: in exon f,
additional A and C residues at positions 4555 and 4566, respectively;
four instead of six TC repeats and 18 instead of 19 AC repeats
(around nucleotides 4514 and 4614); a G/C exchange at position 4732.

These discrepancies may be due to strain differences (the cDNA clone

was from C57BL/6, the genomic DNA from BALB/c mice), to
reverse transcriptase errors, to deletions during sub-cloning or to a

combination of those. Both polyadenylation signals within exon b are

boxed. Inverted repeats flanking exon e are underlined, the arrow

shows the 5'-3' of the hypothesized stem. The circle over nucleotide

2166 designates the potential branchpoint for lariat formation. The

approximate length of three intervening fragments whose sequence has
not been determined is given. The 3' end sequence of exon f has been
reported elsewhere (Santoni et al., 1987) and is not shown here.

cDNA or genomic probes in Southern blots of genomic DNA
can be accounted for by the fragments found in the cloned
mouse or chicken gene (Rutishauser and Goridis, 1986;
Owens et al., 1987), and a single gene locus has been iden-
tified on chromosome 9 in the mouse and on chromosome
11 in humans (D'Eustachio et al., 1985; Nguyen et al.,
1986). In the chicken, mRNA size classes of 7.0, 6.2, 6.0
and 4.2 kb are generated from the NCAM gene (Cunning-
ham et al., 1987). The 7.0 and 6.2 kb transcripts have been
most clearly shown to arise by alternative splicing and to
code for NCAM-180 and -140, respectively (Murray et al.,
1986). The exon - intron orgnization of most of the chicken
NCAM gene has recently been reported (Owens et al.,
1987). These results suggest that all the 5' exons are con-
stitutively spliced, representing regions that are constant
among the different mRNAs. Of the remaining exons, three
are common to the largest mRNAs and one each is specific
for the 7.0 kb and the two smaller transcripts. However the
6.0 and 4.2 kb chicken mRNAs (Hemperly et al., 1986b),
which appear to code for NCAM-120, cannot be fully ac-
counted for by the exons that have been identified and their
size difference remains unexplained (Cunningham et al.,
1987). At least four mRNA species (7.4, 6.7, 5.2 and 2.9 kb
in size as estimated from Northern blots) are detected in
rodents, of which the 6.7 and 2.9 kb species appear to en-
code NCAM-140 and -120, respectively (Gennarini et al.,
1986; Barthels et al., 1987; Santoni et al., 1987; Small et
al., 1987). The different mouse NCAM RNAs are selec-
tively expressed in different cell types, during different stages
of development and during differentiation of clonal cell lines
(Covault et al., 1986; Gennarini et al., 1986; Moore et al.,
1987). The NCAM gene, therefore, constitutes a remarkable
system in which to study the regulation ofRNA processing.
The previous studies indicated that the 6.7 and 2.9 kb

mouse NCAM mRNAs coded for NCAM-140 and -120,
respectively, but the status of the 7.4 and 5.2 kb species has
not been clarified. Neither has it been known how these
RNAs were derived from a single gene. We report here the
sequence of six exons, flanking segments and much of the
introns of the 3' region of the mouse NCAM gene that is
involved in the controlled processing of the primary
transcript. The data explains how the four prominent mouse
NCAM mRNAs are generated and which are the isotypes
they code for.

Results
Isolation and characterization of genomic clones
We have isolated the mouse NCAM gene as overlapping
cosmid clones covering 120 kb (Gennarini et al., 1986;
C.Goridis and M.Steinmetz, unpublished results). Exon-
containing regions were initially identified by Southern blot
hybridization using cDNA probes and by Northern blot
hybridization of cosmid fragments on mouse brain RNA (not
shown). Based on the pattern of RNA bands revealed by
the genomic fragments the gene could be divided into two
main parts: (i) a 5' region, fragments of which hybridized
with the four main NCAM mRNAs present in adult mouse
brain (Gennarini et al., 1986), and (ii) a 3' region, fragments
of which revealed either only the two larger or only the two
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Fig. 4. Exon/intron organization of the 3' region of the mouse NCAM gene and generation of different mRNAs. Non-coding regions are shown as
open bars. The stippled bars represent exons constitutively expressed in all mRNAs, hatched bars exons present in one or both of the 7.4 and 6.7 kb
mRNAs. Stop codons and polyadenylation signals within exons b and f are marked. TM indicates the transmembrane region encoded in exon c. The
apparent electrophoretic size of the mRNAs is given in kilobases.
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Fig. 5. Sl nuclease protection analysis of exon b. (A) Schematic
representation of the genomic fragment containing exon b. The arrow

head marks the 5' splice site of this exon. The two polyadenylation
signals and three restriction sites are given (symbols as in Figure 1).
Arrows underneath show the size and location of both probes used in
the analysis. (B) Protected fragments obtained for both probes with
post-natal day 15 mouse brain poly(A)+ mRNA. The position of size
markers is given in nucleotides. The position and size of the original
single-stranded probes run on adjacent lanes is also given, no further
bands due to premature stops of the elongation reaction were present
in these lanes (not shown).
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Fig. 6. Hypothetical stem -loop formation by inverted repeats flanking
the differentially spliced exon e. The closed box represents exon e.

The total free energy of these base-pairings has been calculated to be
-47 kcal/ml according to the Tinoco rules (Tinoco et al., 1973).

smaller species. Hence, the second region (Figure 1) con-

tained the part of the NCAM gene in which the alternative
processing of the primary transcript is taking place to
generate the different size classes of mRNAs. Fragments of
cosmid clones covering another 40 kb downstream of clone
4.1 did not reveal any transcripts on Northern blots (not
shown) indicating that the NCAM transcription unit ends
near the 3' end of 4. 1.
To define location and transcription of the exons more

precisely Northern blots were probed with the plasmid
fragments depicted in Figure 1. The most 5' probe 1

hybridized with the whole set of NCAM transcripts (Figure
2) and contained thus an exon constitutively expressed in

J.A.Barbas et al.

e

AATAAA

f
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all size classes ofNCAM mRNAs. Probes 2 and 3 revealed
the two smaller mRNAs of 2.9 and 5.2 kb (probe 2) or the
5.2 kb band alone (probe 3). As no fragment located fur-
ther downstream recognized these RNA species, probes 2
and 3 should contain the 3' ends of the 2.9 and 5.2 kb
mRNAs, respectively. Two 3' probes (4 and 6) contained
exons common to the 7.4 and 6.7 kb messengers since they
hybridized with both RNAs, whereas the segment in bet-
ween (probe 5) was specific for the largest mRNA. The 5 kb
segment separating probes 3 and 4 did not recognize any
bands in Northern blots indicating that it represents an in-
tron (not shown).

Sequence analysis and exon - intron organization of
the alternatively processed region of the mouse
NCAM gene
Around 9.5 kb of the genomic region were sequenced in-
cluding the identified exons with flanking sequences and most
of the introns separating exons c, d, e and f. The extent and
direction of sequencing is shown in Figure 1, the nucleotide
and deduced amino acid sequences in Figure 3. Alignment
of mouse (Barthels et al., 1987; Santoni et al., 1987) and
chicken (Hemperly et al., 1986a; Cunningham et al., 1987)
cDNA sequences with the genomic sequences showed that
the region comprised six exons, spread over 18 kd, which
were designated a-f and whose positions are shown in
Figure 4.
Exon a (178 nt) was present in all size classes of NCAM

mRNAs and encoded the C-terminal part of the extracellular
NCAM domains. Exon b started at a postulated alternative
splice site in a cDNA clone derived from the 2.9 kb mRNA
(Barthels et al., 1987) and contained the C terminus of
NCAM- 120 together with the non-coding region of the
2.9 kb mRNA up to its poly(A) addition site. The region
downstream of the poly(A) addition signal, which has not
been cloned as cDNA, hybridized exclusively with the 5.2 kb
transcript. SI nuclease protection experiments were perform-
ed to define the exon borders. The 650 nt protected frag-
ment of probe 1 (Figure 5) corresponded to the segment from
the 5' splice site up to the 3' end of the probe demonstrating
that the sequences common to the 5.2 and 2.9 kb mRNAs
and those specific for the 5.1 kb transcript are not separated
by an intervening intron. The protected band of 300 nt was
expected to arise by annealing of the probe with the 2.9 kb
mRNA. The closely spaced bands centered around 480 nt
arose probably by S 1 nuclease cutting at several sites in the
AT-rich region between nucleotides 620 and 650 as observed
in other cases (Hentschel, 1982). Other explanations seem
much less likely. The region covered by probe 1 did not
contain splice junction consensus sequences in addition to
the one at the 5' end of exon b. The sequences AGTAAA
and/or AATATA in this region, which may function as alter-
native polyadenylation signals (Birnstiel et al., 1985), were
not followed by TGT trinucleotides usually observed down-
stream from a poly(A) addition site (Birnstiel et al., 1985).
Near the end of the segment specific for the 5.2 kb mRNA,
a polyadenylation signal was found 31 nt upstream from a
perfect match of the YGTGTTYY consensus sequence
(McLauchlan et al., 1985). Hybridization of probe 2 with
poly(A)+ RNA generated a SI nuclease-resistant fragment
of 800 nt (Figure 5) consistent with a NCAM mRNA that
ends near the presumed poly(A) addition site. Furthermore,
the distance between the two ATTAAA signals (2.3 kb) cor-
responded precisely to the size difference between the
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Fig. 7. Alignment of the chicken (lower row) and mouse (upper row)
sequences of the extra exon specific for the 7.4 kb mRNA. The
chicken sequence is from Hemperly et al. (1986a). Identical residues
are marked by a hyphen, conservative exchanges by two points.

mRNAs of 5.2 and 2.9 kb. A much weaker band (550 nt)
is supposed to be generated by partial S1 nuclease digestion
of the heteroduplex since no other mRNA was recognized
by this genomic region. Together with the Northern blot
data, these results indicate that a single large exon of 2.4 kb
encodes the 3' ends of the 5.2 and 2.9 kb mRNA species
which therefore seem to be derived by differential poly(A)
addition.
Exons c (207 nt), d (116 nt) and f (3.4 kb) contained the

3' sequences common to the 6.7 and 7.4 kb mRNAs that
code for the transmembrane and cytoplasmic domains shared
by NCAM-140 and -180 followed by a large non-coding
region. The 3' end sequence of exon f contained in the cDNA
clones HB4 and DW60 has been reported (Santoni et al.,
1987) and is not shown here.
The extra sequence in the mouse NCAM mRNA of

7.4 kb, which is thought to encode the cytoplasmic domain
specific for NCAM-180, has been cloned as cDNA only in
the chicken (Hemperly et al., 1986). The region of the mouse
gene that hybridized exclusively to the 7.4 kb transcript con-
tained a single long open reading frame which showed high
similarity to the corresponding chicken sequence. Based on
this data, we placed the 5' and 3' borders of exon e at posi-
tions 2197 and 2997, respectively. Nucleotides at the 5'
boundary conformed to consensus splice acceptor sequences
(Mount, 1982) and the sequence TGTCTAT 30 nt upstream
resembled the lariat branch site TGCCTAT identified in three

629

G A A S P L A A V A A

L T S P P A

0 E A P S T K G P D P
I I :
0 E V S S T K S P E K

N P P E A A T A P A S
I I : :

S P T E T A K N P S N

T T N P S GG E D L K

T T N P S 0 N E D F K

D I D L A K D V F A A

D I D L A K D V F A A

A S G Q A S E L A P S
I I
AGS GOQ AR A L AGSS



J.A.Barbas et al.

different mutants of the human f3-globin gene (Ruskin et al.,
1985). At the 3' border, another possible splice site that
would conserve the proper reading frame was found at posi-
tion 3012, 100 nt in front of an in-frame stop codon.
However, as deduced from the limited intron sequence pro-
vided by Owens et al. (1987), the homology with the chicken
gene stopped abruptly at nucleotide 2997, which made us
assign the splice site to this position.

Secondary structure formation of the primary transcript
has been implicated in the mechanism of alternative splic-
ing (Solnick, 1985; Morgan et al., 1986). We therefore sear-
ched for long inverted repeats capable of forming stem-loop
structures. Inverted repeats flanking the alternatively splic-
ed exon e were found, which could potentially form the
structure shown in Figure 6, if one allows for formation of
a second loop in the 5' branch of the stem.

Comparison with the chicken gene
NCAM proteins are highly conserved during evolution (San-
toni et al., 1987). The exon-intron structure of the gene
was also highly conserved. In the region of the mouse gene
analyzed here, the positions of all splice sites were conserved
between the mouse and chicken (Owens et al., 1987) genes.
This homology extended to whether the intron fell after the
first, second or third nucleotide of a codon. Four of the five
exons had sizes nearly identical to the ones reported for the
corresponding chicken exons. Exon b was an exception in
that a chicken homologue of it has not been described.
Although its 5' splice junction was at the same position as
in chicken NCAM and the sequences of the coding region
were moderately conserved, the sequence and organization
of the untranslated regions were very different. In the
chicken, the end of the mRNA coding for NCAM-120 has
been assigned to a poly(A) addition site 0.7 kb downstream
from the stop codon. Exon b, by contrast, contained two
polyadenylation signals, one after 199 nt, the other one after
2.3 kb of untranslated sequence.
Amino acid sequence comparisons between exons a, c,

d and f and their chicken homologues have been reported
(Santoni et al., 1987). When compared with the correspond-
ing chicken sequence (Hemperly et al., 1986a), the sequence
of exon e was found to contain three homologous regions
separated by two segments with modest similarity, whether
the nucleotide (not shown) or the amino acid sequences
(Figure 7) were compared. The starting 70 amino acids were
83% identical (up to 93% if conservative exchanges were
taken into account). The second and third region of homology
exhibited 79 and 69% identity, respectively, (90 and 75%
with conservative exchanges). In both species, the dissimilar
region separating the second and third homologous segment
was very proline rich and even more so in the mouse (22
out of 34 residues compared with 11 of 23 residues in the
chicken).

Amino acid motifs shared with the Notch protein
Four amino acid motifs in exons e and f were found to be
also present in the cytoplasmic domains of the Notch pro-
tein of Drosophila melanogaster which is involved in cell
fate determination (Wharton et al., 1985). The pentapep-
tide DGGKH in exon d occurred in Notch at a similar posi-
tion relative to the putative transmembrane segment and was
not found in any other protein from the data base. The motifs
QNSPTS, SSSSPAS and SPLAAVAA in exon e occurred in
the Notch protein as QNSPVS, SSSSPRS and TPLHAAVAA.
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By contrast, no sequence similarities were found in the extra-
cellular domains of NCAM and Notch. It may be signifi-
cant that the shared motifs occurred in the cytoplasmic region
of the two proteins, although their biological importance,
if any, is unclear at present.

Discussion
The preceding data demonstrates that the 3' part of the mouse
NCAM gene contains five exons, inclusion or exclusion of
which together with the alternative use of two poly(A) ad-
dition signals can account for the four major mRNAs, for
which sizes of 7.4, 6.7, 5.2 and 2.9 kb have been estimated
in Northern blots. Of these, the 6.7 and 2.9 kb species have
been shown to code for NCAM-140 and -120, respectively
(Barthels et al., 1987; Santoni et al., 1987). As shown here,
exon e has sequence homology with the extra domain of
chicken NCAM-180 and is exclusively contained in the
7.4 kb mRNA, which should thus code for NCAM-180. The
3' parts of the 5.2 and 2.9 kb mRNAs share the coding
region specific for NCAM-120 (Barthels et al., 1987).
Hence, both transcripts should code for NCAM-120. Their
size differences are due to untranslated regions of very dif-
ferent lengths encoded by a single large exon which con-
tains two poly(A) addition signals. Figure 4 summarizes the
structural organization of this part of the mouse NCAM gene
and its proposed relationship with the mRNAs.

Sequence comparisons between NCAM cDNAs from dif-
ferent species have already shown that the NCAM proteins
are highly conserved during evolution (Barthels et al., 1987;
Cunningham et al., 1987; Dickson et al., 1987; Santoni et
al., 1987; Small et al., 1987). These comparisons can now
be extended to the genomic organization. Again, a high
degree of similarity between the chicken (Owens et al., 1987)
and mouse genes is found. Most striking is the conserva-
tion of intron positions within the translational reading frame
at every splice junction. Exon b appears to be much longer
and organized differently when compared to its chicken
homologue. However, the proposed size of this exon in the
chicken does not fit in with the size of the messengers of
6.0 and 4.2 kb it codes for and it may, in fact, contain longer
non-coding regions (Cunningham et al., 1987). The sequence
of exon e has been previously available only in the chicken
(Hemperly et al., 1986a). In this region, stretches of near
identity of the amino acid sequences are interspersed with
segments without clear homology. The homologous regions
may be involved in the supposed interactions of this domain
with the cytoskeleton (Pollerberg et al., 1987).

If it is clear that splice site selection dictates inclusion or
exclusion of exon e, the use of exon B and the choice bet-
ween the 5.2 and 2.9 kb transcripts could be controlled by
several different mechanisms. The transcripts could terminate
near one of the three polyadenylation sites thus creating dif-
ferent precursors for the 7.4/6.7, the 5.2 and the 2.9 kb
mRNAs. However, transcription termination in eukaryotes
depends on ill defined sites and often proceeds for several
kilobases beyond the actual end of the mRNAs (Birnstiel
et al., 1985). It is thus likely that the pre-mRNA always
includes exon f. In this case, two possibilities should be con-
sidered. Specific RNA production may be determined by
selective cleavage and poly(A) addition at different sites or
else the joining of exon a and b may precede the selection
of the polyadenylation signals it contains. Alternative splic-
ing or polyadenylation control also the generation of either
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calcitonin or CGPR from a single gene (Rosenfeld et al.,
1984). A similar situation is encountered during the switch
from membrane-bound to secreted IgM although, in this
case, differential termination of transcription may be a con-
tributing factor (Gough, 1987).
The mechanisms which control the alternative processing

of RNA transcripts are presently not understood. The
exon -intron junctions of both constitutively and altematively
spliced NCAM exons conform to established consensus se-
quences (Mount, 1982), and we cannot identify sequence
elements that distinguish the differentially used exons or the
alternative poly(A) addition sites. Similar negative results
have been reported for other differentially processed genes
(Breitbart and Nadal-Ginard, 1986). Sequestration of exons
into the loops of hairpin structures has been shown to result
in its alternative splicing in vitro (Solnick, 1985). However,
recent in vivo experiments show that only exceptionally stable
secondary structures induce detectable alternative splicing
(Solnick and Lee, 1987). Exon e is flanked by inverted
repeats potentially capable of forming a stem-loop struc-
ture, which is, however, less stable than the ones found to
be effective by Solnick and Lee (1987). It is, possible,
though, that secondary structures are stabilized by complex
formation with proteins not present in the artificial situations
investigated by these authors.
There are many examples for 3' end heterogeneity of

mRNAs that arise from the use of different polyadenylation
sites. The 5.2 and 2.9 kb mRNAs are mostly expressed
together (Gennarini et al., 1986; Covault et al., 1986) sug-
gesting that the two poly(A) addition signals in exon b can
be used indiscriminately. However, there are clear examples
where one component predominates over the other. F7 and
C6 cells express primarily the 2.9 kb species (Gennarini et
al., 1986; Santoni et al., 1987) and during differentiation
of G8-1 cells the up-regulation of the 5.2 kb mRNA precedes
that of the 2.9 kb component (Moore et al., 1987). Hence,
not only the inclusion or exclusion of exons b and e but also
the choice between two polyadenylation sites in exon b ap-
pears to be controlled by the cell. The biological significance
of this remains unclear. AUUU repeats in the 3' parts of
mRNAs have been shown to control mRNA stability (Shaw
and Kamen, 1986), but similar motifs are not found in the
untranslated region of the 5.2 kb transcript.
During recent years, differential processing of primary

RNA transcripts has been recognized as a major strategy
for diversification of gene products in eukaryotic cells (for
review, see Breitbart et al., 1987). The troponin T (Breit-
bart and Nadal-Ginard, 1986) and fibronectin (Kornblihtt
et al., 1985; Odermatt et al., 1985) genes are particularly
well documented examples of complex splicing patterns
regulated in a developmental or tissue-specific fashion. How-
ever, examples where the switch from one splicing path-
way to another can be observed in clonal cell lines as in the
case of the mouse NCAM gene (Covault et al., 1986; Moore
et al., 1987; Prentice et al. 1987) are still rare. The
exon - intron organization of the alternatively spliced region
and the nucleotide sequence of the exons and much of the
intervening introns presented here will facilitate the ex-
perimental analysis of the factors which regulate this system.
The immediate consequences of the regulated splicing of

the NCAM gene are clear: different NCAM isoforms can
be expressed by different cell types and during differentia-
tion. The physiological consequences of this are less obvious.
The different NCAM polypeptides appear to have identical

N-terminal regions and thus identical binding specificities.
However, they may undergo different associations and be
present at different cellular or extracellular locations.
NCAM-180 but not NCAM-140 or -120 accumulates at sites
of cell -cell contacts (Pollerberg et al., 1985) and has bin-
ding affinity for brain spectrin (Pollerberg et al., 1987).
Clearly, these functions can be attributed to its extra-domain
encoded by exon e. The most striking difference between
NCAM-120, which is specified by the 5.2 and 2.9 kb
transcripts, and the other two proteins is the fact that this
isoform is attached to the membrane by phospholipid (He
et al., 1986; Sadoul et al., 1986). Recent results show that
NCAM-120 can be spontaneously released into the extra-
cellular milieu (He et al., 1987); it may thus play a role as
an extracellular matrix protein.

Finally, although we have explained how the major mouse
NCAM mRNAs are derived, there are indications for addi-
tional diversity in these transcripts. A potential alternative
splice site has been identified by S1 protection experiments
in a membrane-proximal region (Barthels et al., 1987), mus-
cle NCAM transcripts appear to contain (an) extra exon(s)
(Dickson et al., 1987), and a 4.3 kb mRNA has been iden-
tified which is especially prominent at younger ages (Gen-
narini et al., 1986; Small et al., 1987) and does not seem
to be encoded by the 3' exons studied here.

Materials and methods
DNA cloning
A cosmid library made from BALB/c mouse liver DNA (Steinmetz et al.,
1985) was first screened with the NCAM cDNA pM 1.3 (Goridis et al.,
1985) to yield clone 4. 1, which was used in turn to isolate overlapping clones
by chromosomal walking steps (Steinmetz et al., 1985). The clones 4.1
and 3.1 contained the 3' regions of the NCAM gene. Appropriate restric-
tion fragments were subcloned into pUC 18 to generate clones JC1, JC2,
B32, 775, B22 and H1I (Figure 1). Most of the region was further subcloned
into M13 mp 18 and 19 vectors.

DNA sequencing
Single-stranded phage DNA from M13 recombinant clones was sequenced
by the dideoxynucleotide chain termination technique (Sanger et al., 1977).
First, the strand was sequenced using the universal M13 primer. Subse-
quently, primers derived from the 3' end of the sequence obtained were
synthesized and used in turn to extend the sequence. In other cases, oligo-
deoxynucleotides homologous to the 5' end of the sequences were used to
prime the sequencing of overlapping M13 clones in opposite orientation.
The 18-19 mer oligodeoxynucleotides were synthesized by the phosphor-
amidite method using a Beckman System I synthesizer. After deprotection,
they were purified by several cycles of phenol -chloroform extraction and
ethanol precipitation. Strategy and direction of sequencing are summarized
in Figure 1. The sequence data were analyzed using Beckman Microgenie
sequence analysis programs.

RNA hybridization analysis
RNA was isolated from post-natal day-15 mouse brain by the thiocyanate-
LiCl method (Cathala et al., 1983). Poly(A)+ RNA was purified by oligo
d(T) cellulose chromatography. For Northern blots, it was electrophores-
ed on 0.8% agarose gels in the presence of formaldehyde (Gennarini et
al., 1986), transferred to nitrocellulose filters and hybridized with probes
labelled by random priming (Feinberg and Vogelstein, 1984).

S1 nuclease mapping was carried out following basically the procedure
previously described (Ruppert et al., 1986). The uniformly labelled single-
stranded probes were synthesized from appropriate Ml 3 recombinant clones.
They were purified on denaturing polyacrylamide gels and recovered by
electroelution. Five jg of poly(A)+ RNA were annealed with
50000 c.p.m. of the probe for 18 h at 51°C. S1 nuclease digestion was
carried out at 37°C for 1 h with 0.5 U/il of the enzyme.
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