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The mnd2 mutation on mouse chromosome 6 produces a progressive neuromuscular disorder. To determine the
gene content of the 400-kb mnd2 nonrecombinant region, we sequenced 108 kb of mouse genomic DNA and 92
kb of human genomic sequence from the corresponding region of chromosome 2pl3.3. Three genes with the
indicated sizes and intergenic distances were identified: DéMmb5e (=81 kb)-787 bp-DOK (2 kb)-845 bp-LOR2 (=6
kb). DéMmbe is expressed in many tissues at very low abundance and the predicted 526-residue protein contains
no known functional domains. DOK encodes the p629°¢ rasGAP binding protein involved in signal transduction.
LOR2 encodes a novel lysyl oxidase-related protein of 757 amino acid residues. We describe a simple search
protocol for identification of conserved internal exons in genomic sequence. Evolutionary conservation proved
to be a useful criterion for distinguishing between authentic exons and artifactual products obtained by exon
amplification, RT-PCR, and 5" RACE. Conserved noncoding sequence elements longer than 80 bp with =75%
nucleotide sequence identity comprise [1% of the genomic sequence in this region. Comparative analysis of this
human and mouse genomic DNA sequence was an efficient method for gene identification and is independent
of developmental stage or quantitative level of gene expression.

[The sequence data described in this paper have been submitted to the GenBank data library under the
following accession numbers: ACO03061, mouse BAC clone 245c12; AC003065, human BAC clone hi73(EIO);
AF053368, mouse Lor2 cDNA; AF084363, 108-kb contig from mouse BAC 245c12; AFO84364, mouse DéMmbe

cDNA]

The mouse mutation mnd2 causes an autosomal reces-
sive disorder characterized by muscle atrophy and
wasting (Jones et al. 1993). Homozygous mice exhibit
unsteady gait, growth retardation, and juvenile lethal-
ity. The mnd2 mutation is located on mouse chromo-
some 6 in a region corresponding to human chromo-
some band 2p13.3. We localized the mnd2 gene previ-
ously to a nonrecombinant interval of 0.2 cM and
generated a 400-kb P1 and BAC contig of the region
(Weber et al. 1998). Eight genes were identified in the
nonrecombinant region and seven were eliminated
from further consideration as candidate genes because
of their normal expression pattern and coding se-
quence. Characterization of the gene D6MmS5e was
complicated by the very low abundance of the tran-
script. To determine the complete structure of D6Mm5e
and to identify additional candidate genes for mnd2,
we initiated large-scale genomic sequencing of the
nonrecombinant region.
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Determining the complete gene content of the
nonrecombinant interval in positional cloning is chal-
lenging because exons comprise a small fraction of ge-
nomic DNA and the available experimental methods
for isolating exons are inefficient and labor intensive.
Identification of genes that are expressed at a very low
level is particularly difficult. Comparative large-scale
sequence analysis is a newly feasible method for anno-
tation of human genomic sequence. Comparison of
1196 orthologous mouse and human full-length mR-
NAs revealed an average of 85% nucleotide and protein
sequence identity in the coding regions (Makalowski et
al. 1996). Because coding sequences are among the
most highly conserved in mammalian genomic DNA,
they can be readily detected when the corresponding
genomic sequences of human and mouse are com-
pared (Hardison et al. 1997). The effectiveness of this
approach has been demonstrated in several recent
studies (Galili et al. 1997; Gottlieb et al. 1997; Oeltjen
et al. 1997; Ansari-Lari et al. 1998). We have combined
exon amplification, cDNA isolation by RT-PCR, large-
scale mouse genomic sequence analysis, and mouse/
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Table 1. Exon Structure of Mouse D6Mm5e

Exon
Exon Intron-EXON boundary size (bp) EXON Intron boundary
1 ctttccttag GCTCATAA . .. 298 .CCA TTT GTG gtaagt
2 ctctctgcag CAA GTG AGA. 186 .TCC CTC GAG gtaaga
3 ttcattttag ATT ACT GTC. 169 . AAT GAT G gtaaga
4 tcttctgcag AG AGT TCT 174 .T CAT CCA A gtacac
5 tttattgtag TA TGT CTA . 163 . GTG GTC AA gtacgc
6 tcttttccag G GCT CTG A. 142 .TGC TTG CTG gtgagt
7 tttgttgcag AAG AGA GAC. 207 .ATC ATA GAG gcaagt
8 tccaccccag AGC ACC CTA. 141 .CTT AGA AAG gtacct
9 ttctttgcag GGG GGT CAG. 400 .ACATAATTAAA

human comparative sequence analysis to identify
genes in the mnd2 nonrecombinant region.

RESULTS
Identification of the Coding Exons of DéMmbe

D6Mm5Se was identified originally by exon amplifica-
tion of a P1 clone in the mnd2 nonrecombinant region
(Weber et al. 1998). Additional exons were isolated by
RACE and RT-PCR using polyA* RNA from muscle,
brain, and testis. Three-prime RACE from the original
exon consistently generated products containing the
exons designated 7, 8, and 9 (Table 1). However, 5’
RACE experiments generated multiple products con-
taining different combinations of 12 exons with a
complex pattern of apparent alternative splicing (Jang
1998). The abundance of the D6MmS5e transcript is too
low for detection on Northern blots. To identify addi-
tional exons using exon-prediction software, we ob-
tained the sequence of mouse BAC clone 245 (Fig. 1).
Analysis of the 108-kb sequence contig with the GEN-
SCAN program predicted the position of the first cod-
ing exon, exon 1 (Table 1), which had not been recov-
ered experimentally.

To determine which of the 12 internal exons iso-
lated by 5' RACE were evolutionarily conserved, we
isolated a BAC clone containing the human ortholog,
BAC 173 (E10) (Fig. 1). The sequences of the 108-kb

Do6MmSe DOK

mouse contig and the 92 kb human sequence were
aligned as described in Methods. The alignment is pre-
sented as a percent identity plot (PIP) in Figure 2. This
graphical representation facilitates identification of
conserved exons and regulatory elements (horizontal
bars) and demonstrates the arrangement of repeat ele-
ments and CpG islands.

Nine exons of D6MmS5e were well conserved in the
human sequence, with nucleotide identities of 74%-
86% for the human and mouse exons (Fig. 3A). Except
for the 5’ untranslated region (UTR), these exon align-
ments are gap-free and include coding sequences and
splice sites. Splice sites for the conserved exons are in
good agreement with consensus sequences (Wu and
Krainer 1996) with the exception of the donor site for
exon 7, which begins with the dinucleotide GC in the
human and mouse gene. When RNA from mouse
brain, muscle, and testis was amplified with a forward
primer from exon 1 and reverse primer from exon 9, a
single product containing the nine conserved exons
and an open reading frame of 1644 bp was obtained.
The combination of evolutionary conservation and ex-
perimental verification by RT-PCR indicate that this is
the functional transcript of D6MmS5e.

The distance between exons 1 and 9, the first and
last coding exons, is 81 kb in the mouse gene and 82 kb
in the human gene. The positions of the nine con-
served exons are indicated in Figure 2. The sequences

around the conserved translation
start site located in exon 1 (GC-

DGM:”“ — | < [ Dozl TGCCATGA in mouse, GCTGC-
cen —=# AT tel CATGC in human) agree well
with the Kozak consensus (Kozak
1989). Within 20 bp upstream of
—_ mouse BAC 245¢12 e .
42 12 108 kb this initiation site, the conserva-
tion of the open reading frame is
human BAC 173 E10 disrupted by 8aps of 1 and 7 b.p.
92 kb A consensus splice-acceptor site

Figure 1 Nonrecombinant region for positional cloning of mnd2. The distance between the
closest recombinant markers, D6Mit164 and D6Mit211, is (400 kb (Weber et al. 1998). Mouse
BAC 245c12 was sequenced by the random shotgun method to generate contigs of 42, 12,
and 108 kb. The genes D6Mm5e, Dok, and Lor2 were identified in the 108 kb contig as
described in the text (not shown to scale). Human BAC clone 173E10 was isolated by hybrid-

ization with a mouse D6Mm5e cDNA.
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is located within 50 bp upstream
of the initiation methionine in
both species (see Table 1), indi-
cating that the rest of the 5’ UTR
is contained in a nontranslated
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Figure 2 PIP of aligned mouse and human BAC sequences. The nucleotide position of the mouse sequence is shown on the horizontal
axis and the percent identity of the nongapped alignment between mouse and human sequence in the range between 50% and 100%
is plotted in the vertical axis. The length of the horizontal line indicates the size of the nongapped alignment. Lollipop symbols mark open
reading frames that satisfy the criteria described in the text. (Numbered black boxes) Exons; (open arrows) LINE 1; (black triangles) MIR;
(light gray triangle) SINEs other than MIR; (dark gray triangle) other interspersed repeats. Interspersed repeats that appear to have
inserted prior to the divergence of human and mouse are marked with asterisks. CpG islands in the mouse sequence are represented by
short boxes: (open) CpG/GpC = 0.6; (dark gray) CpG/GpC = 0.75.

Genome Research 55
www.genome.org



Jang et al.

Mouse 1 MNRRKTTSRGTSAAMKISHQPPRLL IVNIAVPS WVDICPNLCEALQNFFS

R A N ey A AR A A ARy

Human ‘VIHPGR’I‘TGKGPSTHTQI DQQPPRLLIVH IAL PSWADICTNLCEALQNFFS

-

51 IACSLMGPSRMSLFSLYTVONQHECVLPFVQVR

GN'FI
-‘HHIIHJIHH\ ’\ IH[ H!HI [
GNF

QACTSELRMLO
FILLEETTELY

51 LACSLMGPSRMSLFSL QTCISELRMLQ
101 VEGCHRPPHALLPLAIEDGLQQFKQYSSHMASSAAQPWTSLEITVLTSRP

R N N A A AN s A N N A

101 R.EGCFRSQGASLRLAVEDGLQQFKQYSRHVTTRAALTY’“SLEI T ILTSQP

151 GREVVKELEEGLKDINLLSVRRLQVAEVTKGIQERSDSPSPTEEPSNDES

P \EDLI\{FH FOLENT g

151 GKEVVKQLEEGLKDTDLAR! QUVVEVTKGILEHVDSASPVEDTSNDES

201 s ‘Lr_ADIVLETLDNDWSMEVFFKAWLHNSETDQENIHLJ.‘LTPQSLPPPS
1

IR s

201 SILGTDIDLQTIDNDIVSMEIFFKAWLHNSGTDQEQIHLLLSSQCFSNIS

251 RAKDHPICLKCDLQERFLSFSLLPGTADGVSRIDDPKGDI STLYQMASLA

R N s
251 RPRDNPMCLKCDLQERLLCPSLLAGTADGSLEMDDPKGDFIT'IQMASQ

301 SASPYKLQVVKALKSSGICESLTYGLPFILRPTSCWQLDWDELETNCQCH.

L” \I\H e l\H\HHHWH‘HHHH‘HHM
VI C

301 SASHYKLQVIKALKSSGLCESLTYGLPFILRPTSCWQLDWDELETNQQHF

351 HALCHCLLKRDWLLLARGEPLIPKHNQSLPACSF YVIT?SHSLTLLVKLV

HU AR S e s A L R A

351 HALCH LLKREWLLLAKGEPPGPGHSQRIPASTE YVIMPSHSLTuLmV

s
o
i

ATRELMLPGFFPLLSEDPPEDSLKIIESTLDSLDLGLTYNPLHVGSHLYS

SR A A A N A R S A A AR

401 ATRELmPSTFPLLPEDPI—EDDSLKNVESmD SLELEPTYNPLHVQSHLYS

451 SSAHAKPQGRLYTSCASRGLRKGGQ VRAAVVPLPVAPAPRRAL

RSN RYRNAR: i HHHIHIHIH ]Il
LQTNRARATVA

451 HLSS IYAKPQGRLHPHWESRAPRKT PLPMTPVPGRAS

501 KMTAASKASSAAFLPSDSEEGEEERP 526

501 &P}LLS‘I’I(SSSD.LE!‘FLPSEWEKDPSRP 526
Figure 3 Amino acid sequences of D6Mm35e from mouse and
human. The mouse protein sequence is indicated on the top line.
The human protein sequence was predicted from genomic se-
quence. Comparison was performed using the GCG Bestfit pro-
gram (Wisconsin Package 1997). The aligned proteins exhibit
72% sequence identity and 77% similarity.

99 bp, 76% identity
21747 GTACATTGTTATTTCAGCTGGGTTGGGCATAGGAACTCATTAAAAT TACGTAAGGAA
NN e AR N A A N |H|=f||
\GGCTGGGTTGCCGATGGGARAA

6003 GTGCATTGTTACTTAS
95 bp, 78% identity
26877 TGACTTAAACAGTCTTTTTGC GTATT:

26371 TGACTTAAGCAGTCTTTGTA 'I'I‘CTGGCA TI‘ACAGCTCATGCTCA’I‘GGA

94 bp, 90% 1dent1ty

‘AAAACTGATTCTTTCTATGTGTT

P

GGATAAAA‘I'I‘ATTTAAGAAATTCAACTGATCCT'I"I‘CTACAG’I"I‘TGA AGAATTTGGTACCT 6101

TGTGCI\TTACAGATATCAC’]’CAGTTC'ICCT

exon. The sequence of human BAC 173 extends up-
stream of exon 1 for only 6 kb. Comparison with ad-
ditional human genomic sequence will be required for
detection of the 5" UTR and promoter.

Direct Prediction of Internal Exons of D6Mmbe
by Human/Mouse Genomic Sequence Comparison

The 81-kb mouse gene and 82-kb human gene were
analyzed together to predict exons that met the follow-
ing criteria: (1) an ORF of =80 bp that comprises =50%
of a gap-free region of alignment; (2) minimal amino
acid similarity of 70%; and (3) minimal DNA identity
of 50%. Sequences that satisfied these criteria were
scanned for the dinucleotides AG and GT located at
conserved positions within the ORF. Ten fragments
within the D6Mm5e region met these criteria (Fig. 2,
lollipop symbols). In 2 of the 10 predicted exons the
ORF was present in reverse orientation. The seven in-
ternal exons of D6Mm5e described above were cor-
rectly predicted, and the 3’ exon was predicted with an
incorrect splice donor site. This simple combined
search of human and mouse genomic sequence thus
efficiently identified the exons in the experimentally
verified transcript.

TTTGGTTCCT 21845

'‘GTGTAGAA'
sy
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125bp, 84% identity
49890 CAGCTGCGCATCGAGTTTGTCTTGGA! TTAAAGTCGTTTTCCTGTGGCATTAAGT! TTAGAA u.u.luuumulu.u-\ CAGACATGTGTTT 50014
1L |||||||||||H||IIIHIIIIIII||HIIIIIII|IIl|l|II|||||lH IIII || IIIIIH!IIIIIlIIIIIIIIlIHIIIIIIII
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59829 CTAAGGAAGGAA( GGGTCACAGGAAAA 59908
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74326 CCTTTGCTCATGTTGACCTTTCTCTCA ' TCCTGAAAGA( 'CAAATGGTAC 74405
102 bp, 88% identity
86242 CAAAGTTAGCTCTGTGCTAACTAGAAAAAGAAR CACATTCCTGAG 86343
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78005 CAAAGTCATGTCTGTGTGAACTAGAAARAGARATGAAARA' CATTCCAGAG
134 bp, 75% 1dent1ty
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IHHIII IIII H IR
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Figure 4 Evolutionarily conserved sequence blocks in the introns of D6Mm5e. Nine conserved elements =80 bp in length with
nucleotide sequence identity =75% were identified. The sequences of the mouse elements (GenBank accession no. AF084363; top line)
are aligned with the human sequence (GenBank accession no. AA003065). The first and last nucleotides of each element are numbered.
Eight elements are located at corresponding positions in human and mouse. The coding sequence of mouse D6MmS5e begins in exon 1
at nucleotide 18441 and the polyadenylation signal begins at nucleotide 99125 in exon 9.
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Figure 5 Amino acid sequence alignment of mouse Lor2 and
two related human proteins. The predicted sequence of mouse
Lor2 (GenBank accession no. AF053368) is aligned with the hu-
man enzyme lysyl oxidase (GenBank accession no. M94054) and
the human lysyl oxidase related protein WS9-14 (GenBank acces-
sion no. U89942). SRCR domains are overlined and numbered. A
region with 50% sequence identity to lysyl oxidase is boxed.
(Arrow) Predicted signal sequence cleavage site.

Expression of D6Mmb5e

The predicted nucleotide sequence of the human
D6MmbSe transcript contains 1633 bp of coding se-
quence and 266 bp of 3" UTR. There is 79% nucleotide
sequence identity within the coding region of the hu-
man and mouse genes and 72% identity in the 3" UTR.
The encoded proteins demonstrate 72% amino acid se-
quence identity and 77% sequence similarity (Fig. 2).
Analysis of the amino acid sequence with the programs
Motif, BLOCK (Henikoff and Hennikoff 1994), and
Profilescan (Gribskov et al. 1987; Bucher et al. 1996)
did not identify any known protein domains. The Tm-
Pred program predicts one transmembrane domain
containing amino acid residues 44-63, with equal
probability for the two possible transmembrane orien-
tations. There is a single matching EST in the public
databases (GenBank accession no. W88205) isolated
from a fetal cDNA library (E11.5-E14.5). This EST ex-
hibits 98% sequence identity with D6MmS5e (396/402
nucleotides).

D6MmS5e appears to be expressed at very low abun-
dance in a variety of tissues. Using two rounds of am-
plification for 40 cycles each with nested primers (see
Methods), the complete ORF from exons 1 to 9 was
amplified from polyA* RNA from brain, muscle, testis,
lung, stomach, thymus, and fetal RNA from day E10.5
to E14.5 (not shown). No hybridizing transcripts could
be detected on Northern blots containing 20 pg of
polyA™ RNA from mouse muscle and brain that were
probed with the full-length mouse cDNA, although
strong signals were obtained with several control
probes (not shown). Expression in fetal RNA was also
below the level required for detection on Northern
blots. The failure to detect transcripts in several cDNA
libraries, and the absence of related human ESTs in the
databases, are consistent with the conclusion that
D6MmS5e is expressed at a very low level in most tissues.

Evolutionarily Conserved Noncoding Sequences,
a Processed Pseudogene, and Orthologous
Repetitive Sequence Elements in the Introns

of D6Mmbe

In addition to the exons, nine other conserved se-
quence blocks with lengths of =80 bp and nucleotide
sequence identity of =75% (Fig. 4) were identified in
the genomic DNA between exons 1 and 9. These se-
quence blocks do not contain open reading frames and
are not recognized as exons by GRAIL or GENSCAN. In
view of the much higher nucleotide mutation rate for
nonfunctional human and mouse sequences, this de-
gree of sequence conservation is evidence of function.
These short conserved sequences accounted for (1% of
the genomic sequence analyzed here.

A 4-kb partially processed pseudogene is located
between exons 1 and 2 of the human gene (nucleotides
24066-28039, GenBank accession no. AC003065). The
pseudogene exhibits 85% nucleotide sequence identity
with the human dystonia gene torsion B, including
exon 2, intron 2, exon 3, exon 4, and exon 5 (GenBank
accession no. AF007872; Laurie Ozelius, Massachusetts
General Hospital, pers. comm.). The mouse gene does
not contain any torsion B-related sequences.

To look for orthologous interspersed repetitive el-
ements in the human and mouse DNA, we masked the
human Alu elements and mouse B1/B2/B3/B4 ele-
ments before aligning the two genomic sequences.
One LTR element, several LINE 1 elements, and one
MIR appear to have inserted before human/mouse di-
vergence (Fig. 2, asterisks). The LTR and the LINE 1
elements have been fragmented by more recent inser-
tion events.

Complete Sequence of the Dok Gene from Mouse
and Human

To identify other genes within the 108-kb mouse ge-
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nomic contig, we carried out a BLAST search against
the nonredundant nucleotide database. We identified
the start site for the Dok gene encoding the RasGAP
binding protein p629°% that functions in tyrosine-
kinase signaling 787 bp downstream of D6Mm5e
(Carpino et al. 1997; Yamanashi and Baltimore 1997).
Comparison with cDNA sequences (mouse, GenBank
accession no. U78818; human, GenBank accession no.
U70987) identified 5 exons of Dok that span 2.4 kb of
mouse genomic DNA (nucleotides 99,912-102,332 in
GenBank accession no. AF084363) and 2.8 kb of hu-
man genomic DNA (nucleotides 88,774-91,560 in
GenBank accession no. AC003065). Gene structure is
conserved in the two species and all splice sites con-
form to the GT-AG consensus.

We determined Dok coding sequences from the
mouse BAC clone that was isolated from strain 129/Sv,
and from mouse cDNA isolated by RT-PCR from strain
C57BL/6]. Both of these sequences differ from the pub-
lished C57BL/6] cDNA sequence (GenBank accession
no. U78818) at two codons. Our data indicate that resi-
due 1148 is actually glutamic acid (not alanine), and
residue 1157 is aspartate (not alanine).

Identification of the Novel Lysyl Oxidase-Related
Gene Lor2

BLAST search of the expressed sequence tag (EST) da-
tabase identified a mouse EST (GenBank accession no.
AAS522066 ) that matches three BAC segments with
overall nucleotide identity of 568/569. The 2.8-kb EST
clone was sequenced and found to contain an open
reading frame of 2262 bp with 124 bp of 5’ UTR and
485 bp of 3' UTR (GenBank accession no. AF053368).
The context of the first ATG codon at nucleotide 125
(CCCGCCATGA) matches the Kozak consensus se-
quence for an optimal translation initiation site (Kozak
1989). The BAC clone contains the first 4 exons of Lor2
with 0.8 kb of cDNA sequence. The first exon of Lor2
begins 845 bp downstream of Dok and is transcribed in
the opposite orientation (Fig. 1).

By BLASTP search, amino acid residues 531-730 of
the predicted protein demonstrated 50% amino acid
identity and 65% similarity to the enzyme lysyl oxi-
dase [GenBank accession nos. M94054 (human),
M65142 (mouse), and M97881 (chicken)]. The gene
was designated Lor2, lysyl oxidase-related protein 2.
Alignment of Lor2 with two human proteins, lysyl oxi-
dase and lysyl oxidase-related protein WS$9-14, is
shown in Figure 5. The domain structure of mouse Lor2
is similar to that of WS9-14 (Saito et al. 1997). Cleavage
of the predicted 26 residue amino-terminal signal pep-
tide sequence of Lor2 (von Heijne 1986) would gener-
ate a mature protein of 726 amino acids. Ten cysteine
residues from the lysyl oxidase domain and eight out
of 10 residues of the putative copper-binding site (WE-
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WHSCHQHYH) are conserved in Lor2, including the
four histidine residues involved in copper-binding co-
ordination (Krebs and Krawetz 1993). Analysis of
mouse Lor2 with ProfileScan identified four copies of
the 100-amino acid speract receptor cysteine-rich do-
main (SRCR) (Resnick et al. 1994) (overlined in Fig. 5).

DISCUSSION

Our experience demonstrates the effectiveness of large-
scale sequence analysis for gene identification in the
context of positional cloning. The genes LOR2 and
DOK were represented by multiple ESTs in public da-
tabases, but their chromosomal locations had not been
determined previously and the intron/exon structure
of the genes was not known. Database searching with
genomic sequence from the nonrecombinant region
generated information about gene organization that
permitted these genes to be evaluated as positional
candidates for mnd2.

Genes that are expressed at very low abundance
are represented poorly in the databases and require ad-
ditional methods for determining gene structure. The
value of human/mouse comparative sequence for this
purpose was demonstrated by the analysis of D6MmS5e.
A simple search strategy for conserved open reading
frames with splice sites was effective in identifying all
of the experimentally verified coding exons. The GEN-
SCAN exon prediction program, using mouse genomic
sequence, correctly predicted 8 of the 9 exons of
Do6MmS5e. However, GENSCAN made one incorrect pre-
diction and missed exon 7. The nonconsensus splice
donor site of exon 7, with GC in positions +1 and +2
rather than the standard GT or AC (Wu and Krainer
1996), is probably responsible for this error. Our prior
experimental analysis of D6Mm5e was more time con-
suming and less effective than the genomic sequence
comparison. Extensive application of 5’ RACE and RT-
PCR failed to identify the first coding exon of D6MmS5e
and amplified several exons incorrectly that contained
in-frame stop codons. These products may have been
amplified from partially spliced or incorrectly spliced
nuclear transcripts in the polyA* RNA template, and
might have been avoided by preliminary purification
of cytoplasmic RNA.

In addition to coding sequences, human/mouse
comparison can identify evolutionarily conserved
transcriptional regulatory elements (Hardison et al.
1997). D6Mmb5e is a large gene, spanning more than 81
kb in human and mouse. Approximately 1% of the
intronic sequences of D6Mm5e comprise conserved se-
quences longer than 80 bp with >75% sequence iden-
tity in human and mouse. It is not clear whether this
degree of conservation is typical for mammalian ge-
nomes. The conserved elements (Fig. 4) could encode
small RNAs or function as regulatory elements in RNA
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processing, transcription, or chromatin structure.
There is an 87-bp element in intron 7 that demon-
strates 87% nucleotide identity in human and mouse,
and may contribute to recognition of the nearby non-
consensus splice donor site.

For complete evaluation of candidate genes in po-
sitional cloning, localization of the transcription start
site remains problematic. Programs that effectively rec-
ognize start sites are not yet available, and experimen-
tal approaches such as primer extension and 5" RACE
are laborious, especially for low-abundance transcripts.

A Simple Method for Exon Prediction in Aligned
Human and Mouse Genomic Sequence

A new program for analysis of alignments generated by
the Sim program was used to predict conserved inter-
nal protein-coding exons. The criteria were set to iden-
tify open reading frames of >80 bp bounded by splice
sites in both species, with =70% amino acid similarity
and =50% nucleotide sequence identity. Ten regions
that fit these criteria were identified by automatic
search of 81 kb of genomic DNA. Cases of overlapping
ORFs were resolved in favor of the higher similarity
match. Elimination of the two exons on the opposite
strand led to precise identification of all internal cod-
ing exons of D6MmS5e by this simple procedure. In the
future, the search criteria may be further optimized
and extended to include prediction of first and last
coding exons and to incorporate GENSCAN exon pre-
dictions and database searches for large scale identifi-
cation of coding and regulatory elements.

Evaluation of DéMmbe, Lor2, and Dok as Candidate
Genes for the mnd2 Mutation

The 108-kb region analyzed here represents 25% of the
nonrecombinant region for the neuromuscular disease
gene mnd2 (Weber et al. 1998). D6MmS5e, Lor2, and Dok
were tested as candidates by Southern blotting of ge-
nomic DNA with cDNA probes and by sequencing the
open reading frame and 5’ and 3" UTRs from RT-PCR
products. To compare the size and abundance of mR-
NAs in mutant and wild-type tissues, the Dok and Lor2
transcripts were analyzed on Northern blots. Because
the D6MmS5e mRNA could not be detected by Northern
blotting, we amplified each exon from genomic DNA
and sequenced the splice sites. No differences between
homozygous mnd2 mice and the wild-type strain
C57BL/6] were detected by any of these assays, indi-
cating that the mutant gene lies elsewhere in the non-
recombinant region. We plan to sequence the remain-
der of the nonrecombinant region from human and
mouse clones to complete the gene inventory of this
gene-rich region and identify the gene responsible for
this fatal neuromuscular disorder.

Genome Annotation by Human/Mouse Comparison

The rate of sequencing of the human genome is accel-
erating and it is likely that most of the genomic se-
quence will become available in public databases dur-
ing the next 5 years. Extraction of information about
gene structure and function for the estimated 100,000
genes in the human genome will require methods that
are efficient and generally applicable. Sequencing the
corresponding mouse genomic sequences in parallel
with the human provides such a method. The diver-
gence of nonfunctional sequences during the 80 mil-
lion years of evolutionary separation between mouse
and human genomes is sufficient to permit the recog-
nition of conserved sequences in exons and other func-
tional elements. The PIP software (W. Miller, unpubl.)
provides graphic representation of conserved elements
that is easy to interpret. In addition to providing the
complete exon content of genes, comparative se-
quence analysis identifies conserved sequences of cur-
rently unknown function. Annotation of these con-
served sequences provides the basis for future experi-
mental analysis of these potential functional elements.

METHODS
Isolation of Human and Mouse BAC Clones

Mouse BAC clone 245c¢12 was isolated by hybridization with
a cDNA fragment from D6MmSe (Weber et al. 1998). Random
shotgun sequencing generated contigs of 108, 12, and 48 kb
(GenBank accession no. AC003061) (Hua 1998). Analysis of
the 108 kb contig (GenBank accession no. AF084363) with the
RepeatMasker program indicated that nucleotide composi-
tion is 44% GC with 28% interspersed repeats and 2.3%
simple sequence. Human BAC clone 173 (E10) was isolated by
hybridization with a cDNA probe containing exons 5-9 of
mouse D6MmS5e (Genome Systems, St. Louis, MO). Random
shotgun sequencing generated 92 kb of sequence with one
gap (GenBank accession no. AC003065).

RACE and RT-PCR

Rapid amplification of 3" cDNA ends (3’ RACE) was carried
out as described (Frohman 1993). Rapid amplification of 5’
c¢DNA ends (5" RACE) was performed using RACE-ready cDNA
from mouse muscle and testis (Clontech) with nested primers.
Reverse transcriptase—polymerase chain reaction (RT-PCR)
was carried out using 1-pg aliquots of poly(A)* RNA. RNA was
converted to first-strand cDNA using oligo(dT) primer or ran-
dom primers with SuperScript Il reverse transcriptase (GIBCO/
BRL). For amplification of the mouse D6MmSe transcript ex-
ons 1-9, first-strand cDNA was diluted with water to 50 pl.
PCR was carried out using 1 pl of first strand cDNA as tem-
plate with the forward primer S154F from exon 1 (CTGCCAT-
GAACCGAAGGAAAACTAC) and the reverse primer G5-2R
from exon 9 (GAAGAGGAAGAGCTGTTTCTTAGCC). The re-
action was carried out in a volume of 50 ul with 40 cycles of
40 sec at 94°C, 40 sec at 65°C, and 2 min at 72°C. The second
round of amplification contained 1 pl of the first-round prod-
uct as template with the same forward primer and the reverse
primer G261R (GCTCGAACTCTGTTGGTCTG). All other
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primer sequences are available by request from the authors.
The EST clones W88205 and AA522066 were purchased from
Research Genetics (Huntsville, AL).

DNA Sequencing

PCR products were gel purified using QIAEX (Qiagen) and
both strands were sequenced using the DyeDeoxy terminator
cycle sequencing kit (Perkin Elmer Applied Biosystem) with
analysis on an ABI model 373A DNA Automated Sequencer in
the University of Michigan Sequencing Core (R. Lyons, Direc-
tor) and assembly with Sequencher software (GENCODE, Ann
Arbor, MI). Large-scale sequencing was carried out as described
previously (Chissoe et al. 1995; Hua 1998). BAC DNA was puri-
fied with a cleared-lysate diatomaceous earth method (Pan et al.
1994) and sequenced using the double-stranded, shotgun-based
approach (Bodenteich et al. 1994). Sequences were screened
to eliminate vector, assembled into contiguous fragments,
and proofread using the Phred/Phrap/Consed system devel-
oped by P. Green (http://chimera.biotech.washington.edu/
uwgc/). Contigs larger than 1 kb were deposited before pub-
lication in the unfinished division of the high-throughput
genome sequencing (HTGS) GenBank database with no re-
striction on public access. Accession numbers are AC003061
for mouse BAC clone 245c12 and AC003065 for human BAC
clone h173. Completion of the BAC sequences is in progress.

Computer Software and Sequence Analysis

Database searches were performed using the BLAST network
service of the National Center for Biotechnology Informa-
tion (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST/). The Re-
peatMasker program (A.F.A. Smit and P. Green, http://
ftp.genome.washington.edu/cgi-bin/RepeatMasker) was used
to block the repeats prior to submitting the sequence to the
BLAST server using PowerBLAST (Zhang and Madden 1997).
For protein-coding-region recognition in the genomic se-
quences, GRAIL2 (Xu et al. 1994) and GENSCAN (Burge and
Karlin 1997) were used. The GRAIL2 program was imple-
mented through the e-mail server located at grail@
grailsrv.Isd.ornl.gov. The GENSCAN program was accessed
through the World Wide Web site http://gnomic.stan-
ford.edu/GENSCANW.html. Prediction of transmembrane re-
gions was performed using the TMpred program (http://
ulrec3.unil.ch/software/TMPRED_form.html). The Profile
search was carried out using the ProfileScan server (http://
ulrec3.unil.ch/software/PFSCAN_form.html). Protein se-
quence motifs were searched for using the MOTIF program
(http://www.genome.ad.jp/SIT/MOTIF.html). Prediction of
signal peptides was carried out using WWW server (http://
psort.nibb.ac.jp).

Mouse/Human Sequence Comparison

Repeat elements were masked by the RepeatMasker program
and genomic sequences were aligned using a modified version
of the Sim program (Huang et al. 1990) with the default pa-
rameters (+1 for a match, —1 for a mismatch, and —6-0.2 k
for a gap of length k). For another view of the alignment,
regions between successive gaps were converted into seg-
ments of percent identity relative to positions in the mouse
sequence, and the resulting data were drawn as a PIP using
local alignment to postscript (LAPS) (Fig. 2). Only segments
with an identity of 50% or more were plotted, so regions that
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match poorly appear blank (Fig. 2). A pairwise alignment of
the cDNA sequences was performed using the GCG Bestfit
program (Wisconsin Package 1997).
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