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ABSTRACT
We have analyzed a 3.8 kb Eco RI fragment of genomic DNA obtained from

the amplified N-myc gene of human neuroblastoma cell line BE(2)-C. This
fragment contains an exon with an open reading frame encoding approximately
170 amino acids of the carboxy-terminal end of the putative N-myc protein.
Comparison of the inferred amino acid sequence of this peptide with that of
the 3' domain of the human c-myc protein shows that locally conserved but
dispersed regions of homology exist throughout the lengths of these peptides,
while hydropathy plots indicate that the physical properties implied by their
primary sequences are strikingly similar. Based upon these and other
considerations, it is sugggested that the 3' domains of c-muyc and N-myc may
potentially share related functions.

INTRODUCTION
We have recently reported (1) the isolation of a cDNA clone, pBE(2)-C-59,

from a partial cDNA library representing the poly A+ RNA population of the
human neuroblastoma cell line BE(2)-C. This clone was identified via a
duplicate screening procedure (2) that made use of genomic DNA probes enriched
for amplified sequences we had previously demonstrated to be present in these
cells and located within two prominent HSRs (3). pBE(2)-C-59 was shown to
hybridize with a 3.8 kb Eco RI genomic DNA fragment found to be amplified in
all neuroblastoma cell lines and in one retinoblastoma cell line that
displayed either HSRs or DMs. Nonneuroblastoma tumor cell types regardless of
HSR/DM content did not amplify this sequence nor did a neuroblastoma cell line
without HSRs or DMs. When used in Northern blot analysis, BE(2)-C-59
hybridized with two overproduced polyadenylated RNAs of 3.0 and 1.5 kb in
BE(2)-C cells. Indeed, in each of the cell lines tested, the level of
expression of these two mRNAs was, to a first approximation, conmensurate with
the level of amplification of the BE(2)-C-59 gene (1).

That the BE(2)-C-59 gene is most likely the so-called "N-nyc gene,
originally reported by Schwab et al. (4) to be amplified in hunan
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neuroblastoma cells, is indicated by the following: 1) probes derived from
the third exon of the human c-myc gene and hybridized under conditions of
reduced stringency with Eco RI digested BE(2)-C DNA share homology with the
same amplified 3.8 kb Eco RI fragment that hybridizes with BE(2)-C-59, and 2)
probes derived from the second exon of the human c-nmyc gene hybridize under
the same conditions of reduced stringency with an amplified 2.1 kb Eco RI
fragment from BE(2)-C DNA that can be shown by partial digestion of genomic
DNA to lie adjacent to the 3.8 kb fragment (1). This 2.1 kb fragment has
hybridization characteristics similar to those of the amplified 2.0 kb Eco RI
fragment reported by Schwab et al. (4) to be present in neuroblastoma cells
and to share partial nucleotide sequence homology to the 5' domain of the v-
myc gene. The 2.1 kb fragment also hybridizes with the same two overproduced
3.0 and 1.5 kb poly A+ RNAs as the BE(2)-C-59 containing 3.8 kb fragment.
These and other considerations have led us to suggest that BEt2)-C-59
represents the 3' end of an N-nyc transcript (1). In order to validate that
proposal, we present here the nucleotide sequence of both BE(2)-C-59 and that
region of the amplified 3.8 kb Eco RI genomic fragment which encodes it and
shares homology with the third exon of the human c-myc gene. Furthermore, we
present evidence to suggest that the N-miyc gene encodes a protein whose 3'
domain may serve a function related to that of the analogous domain of the
human c-myc protein.

MATERIALS AND METHODS
DNA and RNA Preparations. The neuroblastoma cell line, BE(2)-C (5),

maintained in a 50:50 mixture of MEM and F-12 media, supplemented with 15X
FBS, non-essential amino acids, penicillin and streptomxycin, was used as the
source of both DNA and RNA. High molecular weight DNA and poly(A)+ RNA were

prepared from nuclei and polysomal pellets, respectively, as previously
described (6, 7).

Restriction Endonuclease Digestion of Genomic DNA. Restriction
endonucleases Bgl II, Bst NI, Eco RI, Hinc II, Hinf I, Pst I, Sma I, and Taq I
were purchased from Bethesda Research Laboratory and International
Biotechnologies, Inc. Digestion of DNA with these enzymes was carried out in
buffers and at temperatures suggested by the vendors.

Southern Blot Transfer and Anal DNA fragments were size-
fractionated by electrophoresis on 0.8% agarose gels and transferred to
nitrocellulose membrane filters as described by Southern (8) with
modifications (6). Hybridization of the fil ters with 32P-labeled nick-
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translated probes (9) and washing of the filters after hybridization were
carried out either according to the procedures of Southern (8), or under
conditions of reduced stringency by hybridization in 40% de-ionized formamide,
lOx Denhardt's solution, 5xSSC, and 50 ug/ml sheared salmon sperm DNA for 42
hr at 420C, followed by two washes in 0.4xSSC, 0.2% SDS at 440C for 45 mm,
and a third in the same buffer at 50°C (1).

Northern Blot Transfer and Analysis. BE(2)-C poly(A)+ RNA was size-
fractionated on 1.2% formamide/formaldehyde agarose gels, transferred to
nitrocellulose membrane filters, hybridized and washed according to Thomas
(10) as modified by Lewis et al. (6).

Cloning and Sequencing of DNA. Eco RI-digested genomic DNA from BE(2)-C
cells was electrophoresed through 1% low melting agarose and the 3.8 kb region
of the gel cut out and eluted (11). The resulting DNA fragments were cloned
by direct ligation into the Eco RI site of pBR322, and the recombinants
identified by screening (12) with pBE(2)-C-59 as probe (1). Subcloning of the
3.8 kb Eco RI fragment into pUC 8 (13) was carried out as. described previously
(14), while cloning of subfragments into bacteriophages M1)upl8 and M1lnpl9
for dideoxy sequencing purposes (15) followed the procedures of Messing and
Yieira (16). The chemical degradation method of Maxam and Gilbert (17) was
used to determine the sequence of the cDNA clone pBE(2)-C-59. ,

Computer Analysis. The computer programs used for the analysis of the
DNA sequence data are included in the IBI/Pustell Sequence Analysis System
available from International Biotechnologies, Inc., P.O. Box 1565, New Haven,
CT 06506, and included, among others, a protein-coding-region-locator program,
homology matrix programs, and a peptide sequence hydropathy program.

RESULTS AND DISCUSSION
Restriction endonuclease mapping and subcloning of the genomic DNA

surrounding the BE(2)-C-59 sequence. Figure 1A shows a partial restriction
endonuclease map of the amplified BE(2)-C-59-containing 3.8 kb Eco RI
fragment. After digestion with Bgl II, it was demonstrated by Southern
procedures that homologies to both BE(2)-C-59 and to the 3' exon of the human
c-umyc gene resided within the 2.0 kb Bgl II-Eco RI fragment. As expected,
homology with the 3' exon of c-myc was detected only when filter hybridization
and washing were carried out using the reduced stringency protocol outlined in
MATERIALS AND METHODS. Northern blot analysis (data not shown) of BE(2)-C
poly(A)+ RNA using each of the three fragments generated from a Bgl II digest
of the 3.8 kb fragment indicated that only one, the 2.0 kb fragment,
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Fig. Restriction maps and sequencing strategy for the analysis of the
amplifled 3.8 kb Eco RI genomic DNA fragment and the cDNA clone BE(2)-C-59.

Panel A. Partial restriction map of the cloned, amplified 3.8 kb
Eco RI fragment from neuroblastoma cell line BE(2)-C,
identifiled by its homology with the N-nyc-specific cDNA clone
pBE(2)-C-59 (1).

Panel B. Sequencing strategy applied to the 2.0 kb Bgl II-Eco RI
fragment.

The numbers indicate the clone identification, and the arrows the direction in
which the dideoxy sequencing was carried out. BE(2)-C-59 was sequenced by the
chemical degradation method. The black dots indicate radiolabeled ends and
the arrows the direction and extent of the sequence determined from those
ends.

hybridized to the 3.0 kb and 1.5 kb RNAs overproduced by BE(2)-C cells and
partially encoded by the amplified 3.8 kb Eco RI fragment (1). Hence the 0.4
and 1.2 kb Bgl II fragments were considered to be either intronic or flanking
DNA. DNA sequence information presented in this report indicates that these
fragments are intronic and that the direction of transcription is as indicated
by the arrow. The 2.0 kb Bgl II-Eco RI fragment was subcloned into pUC 8

(Fig. 1B), and further Southern analysis indicated that the BE(2)-C-59
homology lay within the 1.1 kb Pst I-Eco RI fragment, whereas the partial c-

myc homology was located within the 0.6 kb Sma I-Pst I fragment. Subcloning
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of the 2.0 kb Bgl II-Eco RI fragment into bacteriophages M13mpl8 and M13mpl9
resulted in the clones represented by the horizontal arrows.

DNA sequence determinations and analysts. The nucleotide sequence of a
major portion of the 2.0 kb Bgl II-Eco RI fragment shown in Figure 1B is
presented in Figure 2. While we have not yet completed sequencing the region
of the 2.0 kb Bgl II-Eco RI fragment containing the entire sequence of BE(2)-
C-59, the identification of 181 bases of overlap between these two sequences
clearly establishes this genomic fragment as that which encodes the BE(2)-C-59
transcript. Inspection of the BE(2)-C-59 sequence further shows that it
terminates with 24 adenosine residues preceded 12 bases in the 5'-ward
direction by the consensus polyadenylation signal sequence AATAAA. Since
BE(2)-C-59 was initially cloned via reverse transcription of oligo(dT) primed
poly A+ RNA, it is reasonable to conclude that its poly(A) tail and
polyadenylation signal sequence characterize it as the 3' end of an mRNA
molecule. Hence the 2.0 kb Bgl II-Eco RI fragment contains a portion of the
3' end of the N-uiyc gene. Establishing the location of the exon encoding
BE(2)-C-59 in genomic DNA by nucleotide sequence analysis allows us to
establish the coding strand of the 2.0 kb fragment as being the complement of
the sequence shown in Figure 2 and orients the direction of transcription
within the 2.0 kb fragment; i.e., transcription proceeds from the Bgl II site
toward the Eco RI site as indicated in Figure 1.

In order to determine whether BE(2)-C-59 or sequence 5'-ward of it
contained an open reading frame, we subjected the entire sequence shown in
Figure 2 to computer analysis using a program designed to locate the most
probable amino acid coding region within an unknown DNA sequence. This
program makes use of a codon bias table, in this case constructed from 23
randomly chosen human genes to establish the frequency with which the human
genome uses a given codon to specify an amino acid. By applying this measure
of codon bias to an unknown sequence, the program can indicate which frame (of
the six possible since both strands are considered) is the most likely, versus
simply open, reading frame. Additionally, all termination sequence locations
are indicated. Although several open reading frames of varying length and
bias were found on both strands of the sequence in Figure 2, the longest open
reading frame and the one with the greatest bias toward that established by
the human table we constructed, was found on the strand that we had
established as the coding strand (see above), and began in the region of
nucleotide 225, ending with the terminator TAG at position 744. Two other
terminators in frame with the first were found at positions 789 and 801.
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10 *2 30 40 S0 60 Fig. 2 Nucleotide sequence of the
A CS CTA T GA T A AT MA MT A A C CA AGA GAC AG 3 exon of the human N-nyc gene.

70 80 90 100 110 i20 The sequence begins approximately

TVA G TC TMTA ACA T ATA TAT A A TCATT MA T C 10 bases 3'-ward of the Bgl II site

I30 140 150 160171 180 shown in Figure 1B and proceeds
Mr ACTAGCATCIT A" CTC AG GA TGAMA WAT WGA AIGM 1320 nucleotides toward the Eco RI

190 200 210 220 2301 240 site. Overlap with BE(2)-C-59
AM CGA Cr WAAW G TMC C C MC C = I ac a begins at position 1141. The

-50 260 270 2His His consensus polyadenylation signal
ATT MCATaC C C CM G AG C CC GTGMCCCCGAMGGCT C sequence AATAAA is underlined and
Ile His His His Cys Ala Ser Gln Glu Arg Ser Pro Gly Srr Arg Glu Ala Gln S*r S*r

is located 12 bases upstream from

310 320 330 340 350 360

QCTG AC CTC AA A CffCC ATCa AG G CAC AAC TAT GSC X CC TCT the 24-residue poly(A) tail. The
Glu Leu Ile Lou Lys Arg Cys iAu Pro Ile His Gln Gln His Asn Tyr Ala Ala Pro S r vertical at posi ti 231-232

370 390 400 410 420

AA AGCC AC AAG 0GA AGCGAGGSGTCCCCA indicates the position of the
Pro Tyr Vl Glu S&r Glu Asp Al Pro Pro GlnLym L ys r Glu &rPr arbi trari y posi ti oned i ntron/exon

430 440 450 460 470 480

CM* ~~~~~junction.COT COG CTC AAG AGT OTC ATC CCC CCA A GCT AACC MC C CSA AK0 TSP GPC
Arg Pro Lau Lys Ser Val Ile Pro Pro Lys Ala Lys Sar Lou Ser Pro Arg Asn Sar Asp

490 500 510 520 530 540

CGM G0G GAC MGT G0G OST 0OC AG CCAC AMC MCCS GGAG OC CAG MC GACC
SOr Glu Asp SOr Glu Arg Arg Arg Asn His Asn Ile Lou Glu Arg Gln Arg Asn Asp Lou

550 560 570 580 590 600

OGG AGC TIP CM AM CMC AGG G8C0C GIG OCG GAG TG GtA MG MAT GA0G AG C

Arg SOr SOr Ph* Lou TAr Lou Arg Asp His Vol Pro Glu Lou Val Lys Asn Glu Lys Ala
610 620 630 640 650 660

G0C AMG GPO NT TIGAP A AMG G0C Cr GAG TAT GC CK TCC CM CAG G0C GAG
Ala Lys Vol Vol I1e Lou Lys Lys Aa Thr Glu Tyr Vai His Ser LOu Gln Ala Glu Glu

670 680 690 700 710 720

CAC CM CMTIG CMG G0A 04G GMA8M TSG CMG GCA AG0 CAG CAG C TM CTA 00G0A
8is Gln Lou Lou Lou Glu Lys Glu Lys Lou Gln Ala Arg Gln Gln Gln Lou Lou Lys Lys

730 740 750 760 770 780

ATT G0A CMC GOCT 0G ACTMSC TAG ACG T CMC 80A AMI G1A CMG TCA SG 0C CT 7OC
Ile Glu 8is Ala Arg TAr Cys-

790 800 810 820 830 840

ACA TIP 0GA TIP TIP TIP TAA ACA APC AT0 G7G TS A TrSA MA 0G TTG GST TAC TIP

850 860 870 880 890 900

CAA MC CtC CM TCGXMT TCGM GC S GC G5M CAG TAG GAC A MCr G0G OGG TIC

910 920 930 940 950 960

SOAC1CGC GAGC0 CGTMG01 T CCC MG CTCS G SCC0 G CAG tCr CMT 0A

970 980 990 1000 1010 1020

ACT MTC CTC CNr GAC AGC GCT MA00TTM SA OC TGG0 A G0CTM OC T MrT

1030 1040 1050 1060 1070 1080

CMC CTM010ST C A4G Tf CCA A 0GA0CAGA AG 7CA TIC CM CM 07Tm 0A ASG G

1090 1100 1110 1120 1130 1140

CMr 0G TIC CG C MG 80G C CAT A0G TIP A80 0A ?AC MCM Af0CIT
OttJ- c-s C'T

1150 1160 1170 1180 1190 1200

ARM ACC ST ATAACM C 01T M OMCtTGGG TM VA GAGGSM GSC

G0T MART A 807080AC0100C TIP MT ATA C OCT CM TM0 GAG G tCM TI

1210 1220 1230 1240 1250 1260

GCG ACC AG AT AGA CM GM G CAT ACC TAA OM CG TM000 TAM CMC MAT TT 10A
CM Pr AMO AM CMG G0A G CAT ACC TM G0A CM 10A TMA TAC CTC MT 0TT17G

1270 1280 1290 1300 1310 1320

0GA ACS OT T1T7rA TMC AAA SAT MTr AMT CM TM TMT OM0CSG TC 'MA TIC T

GA ACM ST TI PM ?ACAC A TaNA1T17 MT CMC 1CT Tr GCM CM TA TIC T

1321 TACACTGCCT GTATACCTTA GTSAOACGCT GATACATAAC TAOATTTGAT ACTTATATTT
1381 TCGTATGAA 007A1TAT8ATTAC TTATCACTTT TGAACTAGAA
1441 ACSSTSTTAA AGAAATTTAC TATATATATA 1GCCTSTTST CCTAGCCTGT TTCTTCCTGT
1501 TAATGSOTAT GTT?AOGTT OGTGOCATOGA A01000T000 SOCAAAGTTC TGTG107AAT
1561 TTCTTCA7AA T10ATATA?T TAGTGCTGCA TCTTTATAGC AC8TTTTGAA TACCTCATST
1621 TTA7GAAAATAA0TAGCTTA AAA0TAAAAA 000AAAA000 AAAA00000
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According to the computer analysis, the beginning of this reading frame, i.e.,
the intron/exon junction, is located somewhere in the vicinity of nucleotide
225. However, in the absence of S, nuclease data or a cDNA sequence bridging
this junction we cannot, even by applying the consensus sequences compiled for
such junctions (18, 19), accurately assign Its position. Therefore, for the
purpose of this report, we have done the following: visual inspection of the
sequence shows that the 5' boundary of the reading frame cannot lie 5'-ward of
the triplet at position 174 since the adjacent triplet in that direction is
the terminator TGA. Hence, the reading frame and, therefore, the exon begins
3'-ward of the triplet at position 174. Based upon consensus (18,19), there
are at least two possible intron/exon locations 3'-ward of that position and
they are at positions 231-232 and 338-339. Since the protein-coding-region-
locator program indicated that position 338-339 is within a region where the
bias toward human coding sequence is high and also indicates that there is no
bias toward human coding sequence 5'-ward of position 225, we have arbitrarily
placed the position of the Junction at position 231-232.

Comparison of the human c-myc and N-myc 3' exons. Since we had shown
(Fig. 1) that the region of the 2.0 kb Bgl III-Eco RI fragment containing the
3' exon of N-myc al so contained partial nucl eoti de sequence homology with the
3' exon of the human c-myc gene, we analyzed the extent of the homology
between these two exons. The actual sequences compared by computer included
bases 1-954 of the N-myc sequence (Fig. 2) and the entire protein encoding
region of the human c-myc gene (20). The results are presented in Figure 3
and show only those portions of the respective sequences within which all of
the significant homology was found. When aligned according to the highest
percentage of match over the greatest distance, i.e., nucleotides 576 through
631 of N-myc, where the homology with the c-myc sequence, i.e., nucleotides
3534 through 3589, exceeds 80%, it is clear that the protein encoding regions
of these two exons are in frame with one another, and that frame is the one
shown in Figure 2 to be the most probable N-myc reading frame.

When the inferred amino acid sequence of the peptide encoded by the 3'
exon of N-miyc is compared to the amino acid sequence of its c-myc counterpart,
a region of considerable homology can be identified between the amino acids
encoded by nucleotides 430 and 663 of N-myc and 3489-3620 of c-myc (Fig. 3).
The overall amino acid sequence homology in this region is 68% with the most
conservation occurring between the amino acids encoded by nucleotides 591-632
of N-myc and 3549-3590 of c-myc where the homology is 93%. Hence, these two
peptides have maintained a substantial degree of amino acid sequence homology
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129*
N-myc TAG CAT CTT TCT CTC AGA TGA TGA AGA TGA TGA AGA GGA AGA TGA AGA GGA AGA AAT CGA

189* 1
CGT GGT CAC TGT GGA GAA GCG GCG TTC CTC CTC CAA CAC CAA GGC TGT CAC CAC ATT CAC

c-myc AG GAG GAA CAA GAA GAT GAG GAA GM ATC GAT GTT GTT TCT GTG GAA AAG AGG CAG GCT
3148*

249*
CAT CAC TGT GCG TCC CAA GAA CGC AGC CCT GGG TCC CGG GAG GCT CAG TCC AGC GAG CTG

CCT GGC AAA AGG TCA GAG TCT GGA TCA CCT TCT GCT GGA GGC CAC AGC AAA CCT CCT CAC
3207* S S p

309* 1 * n * * O
ATC CTC AAA CGA TGC CTT CCC ATC CAC CAG CAG CAC AMC TAT GCC GCC CCC TCT CCC TAC

AGC CCC CTG GTC CTC AAG AGG TGC CAC GTC TCC ACA CAT CAG CAC AAC TAC GCA GCG CCT
3267* H I q h n y

369*
GTG GAG AGT GAG GAT GCA CCC CCA CAG AAG AAG ATA AAG AGC GAG GCG TCC CCA CGT CCG
**** * .. ~~~~... *G *AT * .

CCC TCC ACT CGG AMG GAC TAT CCT GCT GCC MG AGG GTC MG TTG GAC ,GT GTC AGA GTC
3327* P K R

429* IK S P K ID 0
CTC AAG AGT CC CCA MG C

CTG AGA CA AACMC AC C
3387* E

489* * t N L0 a
GAC AGT GAG CG GAC CTT CGG TCC

AAT GTC AA MC GAG CTA AAA CGG
3447* R R R N L

549*
AGC TTT CTC ACG CTC AGG GAC CAC GTG CCG GAG TTG GTA AAG AAT GAG AAG GCC GCC AAG

AGC TTT TTT GCC CTG CGT GAC CAG ATC CCG GAG TTG GMA AAC AAT GAA G GCC CCC AAG
3507*S F L R D P E L N E K A K

609*
GTG GTC ATT TTG AAA AAG GCC ACT GAG TAT GTC CAC TCC CTC CAG GCC GAG GAG CAC CAG

GTA GTT ATC CTT AAA AAA GCC ACA GCA TAC ATC CTG TCC GTC CAA GCA GAG GAG CAA AAG
3567*V V I L K K A T Y S Q A E E

669*
CTT TTG CTG GAA AAG GAA AAA TTG CAG GCA AGA CAG CAG CAG TTG CTA AAG AAA ATT GMA

CTC ATT TCT GAA GAG GAC TTG TTG CGG AAA CGA CGA GAA CAG TTG AAA CAC AAA CTT GAA
3627*L E L R Q L K E

729*
CAC GCT CGG ACT TGC ter

CAG CTA CGG AAC TCT TGT GCG ter
3687* R

Fig. 3 Nucleotide sequence comparison of the 3' exons of the hman N-myc and
c-myc genes. The nucleotide sequences of both exons are displayed beginning
with nucleotide No. 129 of N-nyc and nucleotide No. 3143 of c-myc, which is
the first nucleotide 3'-ward of the c-myc 3' exon splice site (20) and ending
in both cases at the respective termination codons. The vertical arrow at
position 3147-3148 of c-myc indicates the known position of its 3' intron/exon
splice Junction (20) while the vertical arrow at position 231-232 of the N-myc
sequence is shown for reference purposes only. The alignment of the exons has
been dictated by their nucleotide sequence homology, and each homologous
nucleotide is indicated by a black dot. No gaps or other alterations -ave
been introduced to optimize the alignment. The single letter amino acid code
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has been used and where upper case letters are shown immediately underneath a
line of c-myc sequence, the indication is that homologous amino acids exist at
that point between N-myc and c-myc. Two other regions of nucleotide and amino
acid sequence homology are indicated by diagonal lines and horizontal
brackets. The diagonal lines indicate homologies that are one codon out of
phase and the brackets a region of homology three codons out of phase. In
both cases the actual reading frame is that established by the major
nucleotide sequence homology. Upper case letters above the N-nmyc sequence and
between the diagonals indicate amino acid sequence homologies between the two
sequences, as do the lower case letters within the brackets.

through a region located within approximately 30 to 60 amino acids of their
respective carboxy termini. However, upon further inspection we have been
able to identify three other regions of homology within these peptides. Two
of these occur at both the nucleotide and amino acid sequence level and, while
existing within the same reading frame as the major homology discussed above,
are out of phase with it. The first begins at nucleotide 441 in N-nmyc and
continues through nucleotide 533. Its homologous c-myc sequence begins at
nucleotide 3396, one triplet out of phase in the 5'-ward direction with its
homologous triplet in N-mnyc, and extends through base 3488 (see Fig. 3). The
most significant amino acid sequence homology in this region, however, begins
at N-myc nucleotide 465 and contains two areas of c-myc homology, one (465-
480) where 6 of 8 amino acids (751) are homologous to c-nyc and another (501-
533) where 9 of 11 (82X) are homologous. While the overall homology
throughout this region is 65X, these local regions of high homology have
clearly been conserved within these two peptides and maintained at equal
distances from their respective carboxy-termini. The second of these regions
begins at N-myc nucleotide 339 and ends at nucleotide 359. This sequence of
21 nucleotides encodes 7 amino acids that share 1001 amino acid sequence
homology (811 nucl eoti de sequence homology) with a sequence in c-myc beginning
at nucleotide 3306 and ending at 3326. Although three triplets out of phase
in the 3'-ward direction with N-myc, this region has also been highly
conserved between these two peptides and, like the other regions of homology
shared between them, has been maintained equidistant from the carboxy
terminus. The third region of homology is 14 nucleotides in length and is
found between nucleotides 175 and 188 of N-umyc, 57 nucleotides 5'-ward of the
site we have arbitrarily shown as the N-myc splice site at position 231-232.
The 1001 homologous c-myc sequence is located between nucleotides 3165 and
3178 and lies 17 nucleotides 3'-ward of the 3' exon splice site (20), within
the protein encoding region of the third exon. Since we have not precisely
located the 3' intron/exon N-myc splice Junction we cannot unequivocally state
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Rtt*4WlMN".$TGAtbcILv1_ -1_2-I-. -I -I -I Fig- 4 Comnparative hydropathy plots of the
,,mc peptTdes encoded by the 3' exons of N-myc7CcAAs"C-1*, 1-*. 41 and c-myc. The filgure shows the actual plot

If CAT ss ". /

22^CcAsCcr " c for N-myc (solid line),, over which the plot
34csAAc Qt"' k.{t of c-myc (dotted line) has been superimposed.40ccCt,9Rp **, *The nucl eoti de sequence ali1gnment shown i n
1. C

CcAcllR s 9 Figure 3 was used and no attempt was made
SS CAC GI, I t

,411cc^GCAG ,^1. to optimize the homology. The nucleotide
G7CIf t-- ., sequence shown on the left margin is that

02 sCTCL ' of N-myc. Nucleotide No. 1 corresponds to
ICscc L .C.L nucleotide position 234 in Figure 2. The
10mtACt. 1- SJbl ack dots al ong the 1left margi n i ndicate

103 C"IC GI, Q

109^^cc^ ,,,GI. the homologous amino acids shared between
124GcCtCA.l* A N-myc and c-myc as indicated by the nucleo-
130 CTCSrP s. tide sequence alirgnment shown i n Figure 3.
133 CTCAC TyI i
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that the 14 bp sequence resides within the N-myc intron. However, we believe
that this is likely to be the case since 1) the reading frame of the 14 bp
sequence in N-myc differs from that in c-myc and therefore would not result in
the maintenance of any amino acid sequence homology between the two peptides
and 2) the 14 bp sequence lies very close (2 bases 3'-ward) to the feasible
limit, based upon reading frame, of the the 3' N-myc exon and a considerable
distance 5'-ward from any of the most likely intron/exon junctions or from
that region where the codon usage begins to approach that of the bias
established by our computer program. It is unusual to find exon sequence in

one gene that apparently has been highly conserved as intron sequence in
another. Since the 14 bp sequences lie in close proximity to splice
junctions, and assuming that c-myc and N-myc evolved from the same ancestoral
gene, it may be that both 14 bp sequences were once exonic. Some genetic
event, i.e., insertion, inversion, etc., could then have occurred to place the
14 bp sequence in N-nyc within an intron, while at the same time, modifying
the domain encoded by the 3' N-myc exon. In any case, the 14 bp sequence, in
addition to its amino acid encoding role in c-myc, may serve some basic, as

yet unknown, function in both of these genes; hence its retention in N-nyc.

Comparison of the peptides encoded by the 3' exons of c-myc and N-myc.
It is the protein encoded by the N-myc gene that is of ultimate interest and
since the c-myc protein is known to be located in the nucleus (21, 22) and its
3' domain, implicated in DNA binding (21), we sought to compare the putative
3' exon encoded peptide of N-myc with its c-myc counterpart. We had already
noted (see above) that local regions of high amino acid sequence homology were

dispersed at fixed distances from the carboxy termini of both peptides. In
order to estimate what effect these local regions of homology would have on

the overall physical nature of these peptides, we constructed hydropathy plots
(23) of each and then compared them. The results are shown in Figure 4. The
regions of amino acid sequence homology are indicated by the black dots and
brackets along the left-hand margin of the Figure and are easily distinguished
in the plots as those areas where the hydropathy profiles are most similar.
It should be emphasized that we have superimposed the two plots according to

the major nucleotide sequence homology shown in Figure 3. No gaps or

alterations have been introduced into either sequence. Although this does not

appreciably affect the profiles in the region of nucleotides 232-298 where the

homology is one codon out of phase (positions 465-533 and 3420-3488 of the N-

myc and c-myc sequences, respectively, Fig. 3), it does obscure the fact that

the region in the vicinity of nucleotides 106-124, where the homology is three
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codons out of phase (positions 339-359 and 3306-3326 of the sequences in Fig.
3), is also very similar. Hence the individual stretches of amino acid
sequence homology, as expected, lend similar hydropathic character to their
respective regions. Perhaps of greater significance, however, is the striking
similarity in spatial organization displayed by the two peptides even outside
those areas of amino acid sequence homology. The distribution of hydrophobic
and hydrophilic pockets along the length of the peptides is remarkably
similar, although local heterogeneity is obviously present. For example,
although clearly variant in the area between nucleotides 160 and 262, the
general trend through this region in both peptides reflects a gradual increase
then a decrease in hydrophobicity. Hence, even though dissimilarity does
exist between these peptides, their regions of highly conserved amino acid

sequence homology, size, hydropathic characteristics, and overall spatial
organization, clearly indicate their relatedness.

C-nyc protein has been shown to reside in the mammalian cell nucleus (21,
22), be involved with establishment/inmnortalization functions in cellular
transformation (24), to be associated with the nuclear matrix (25) and to
display a DNA binding activity (21, 25). Interestingly, the first three of
these four properties are shared with the Ela protein of adenovirus (26, 27),
while the third is apparently not. When we compared the hydropathic profile
of the 3' domain of Ela protein (28) with those of c-nmyc and N-mnyc, we found
that while probably all related (29), the two myc peptides are clearly more
similar to one another than either is to Ela (data not shown). Moreover, the
amino acid sequence homologies shown to exist between the 3' domains of Ela
and c-myc (29) are almost entirely different from, and are much less extensive
than, those that exist between the 3' domains of c-myc and N-myc (Fig. 3).
Hence, while N-nyc protein may also be shown to be a nuclear protein like Ela
and c-myc, the functional role of its 3' domain may prove to more closely
resemble that of c-myc.

While the data presented here clearly establish that transcripts of the
human N-ayc gene contain substantial -amounts of c-myc-related information in
their 3' exons, and therefore indicate that these two cellular genes are
related, we may only speculate as to the functional role of N-ayc. Since the
amplification and overexpression of this gene and possibly its activation as
well have been shown to be associated solely with tuors derived from cells of
the neural crest (1, 3, 4, 30-33), the function of N-ayc may be restricted to
specific cell lineages, and in that sense differs from that predicted for c-
myc, whose amplification and overexpression have been demonstrated to occur in
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a variety of different tunor types (34-37) and whose expression is associated
with cellular proliferation (37). On the other hand, in a manner similar to
c-myc (24), the role of N-n yc in tumorigenesis probably does not involve
transformation per se since its amplification-mediated overexpression occurs
predominantly in advanced stages of neuroblastoma (38), although a more
fundamental role for the N-nyc gene during the formation of reti noblastomas,
has been suggested (33). Clarification of N-myc function and the possibility
that it may play a complementary or supplementary role to that of c-nLyc in the
growth regulation of highly specialized cells, such as those from the neural
crest, or that it may be specifically involved with differentiative functions
in these cells (39), remains to be determined.
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