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ABSTRACT Four novel murine homeobox genes, Uncx-
4.1, OG-2, OG-9, and OG-12, were cloned and partially se-
quenced. The amino acid sequence of the mouse Uncx-4.1
homeodomain is closely related to the sequence of the unc-4
homeodomain of Caenorhabditis elegans. However, the OG-2,
OG-9, and OG-12 homeodomains are relatively diverged and
are not closely related to any previously described homeodo-
main. Northern blot analyses revealed multiple bands of
Uncx-4.1, OG-2, OG-9, and OG-12 poly(A)+ RNA in RNA from
mouse embryos and adults that change during development
and showed that each gene is expressed in a tissue-specific
manner. OG-12 cDNAs were cloned that correspond to two
alternatively spliced species of OG-12 mRNA. Three major
bands of Uncx-4.1 poly(A)+ RNA were found only in RNA from
adult mouse brain, but an additional band was observed in
RNA from all of the other tissues tested. Major bands of OG-9
and OG-2 poly(A) + RNA were found only in RNA from striated
muscle; however, trace bands were detected in RNA from other
tissues.

The homeodomain is a 60-amino acid residue portion of a
protein, encoded by a homeobox gene, that binds to DNA and
regulates gene expression (for recent reviews, see refs. 1 and
2). Approximately 140 murine homeobox genes have been
cloned thus far and 30 additional kinds of homeobox genes
have been cloned from other organisms (3). The mouse
genome contains four chromosomal clusters ofHox homeobox
genes, thought to have evolved by successive gene duplications
of an ancestral Ant-Ubx cluster of homeobox genes (4). Both
the amino acid sequences of homeodomains and the order of
Hox genes in each chromosomal cluster have been conserved
during evolution. The order of the genes within a cluster of
genes corresponds to the order of most anterior borders of
expression of the genes along the rostrocaudal axis of the
embryo (2). In addition, many divergent homeobox genes have
been cloned that reside at other chromosomal locations (for
reviews, see refs. 2 and 3). The most anterior border of
expression of Hox homeobox genes is within the hindbrain;
however, some other homeobox genes are expressed in discrete
areas, some times more rostrally than Hox genes (3).
Many murine homeobox genes have been cloned by screen-

ing mouse embryo cDNA libraries at reduced stringency with
probes that correspond to known homeobox genes from other
organisms. However, murine homeobox genes with nucleotide
sequences that diverge from those of the probes may be
difficult to detect with this strategy. Therefore, we screened a
mouse genomic DNA library with a mixture of oligode-
oxynucleotide probes that correspond to the complement of all
nucleotide sequences encoding the amino acid sequence
KVWFQNR that is found in the third a-helix of some home-
odomains (amino acid residues 46-52). In this report, we
describe four novel murine homeobox genes, Uncx-4.1, OG-9,

OG-12, and OG-2 that are expressed in mouse embryos and in
some adult mouse tissues.

METHODS AND MATERIALS
Oligodeoxynucleotides. Oligodeoxynucleotides were synthe-

sized with an Applied Biosystems DNA synthesizer model
380B and purified either by precipitation with 1-butanol (5) or
by OPC column chromatography (Perkin-Elmer/Applied Bio-
systems Division) as described by the manufacturer. Oligode-
oxynucleotides used as probes for DNA hybridization were
labeled by phosphorylation with [,y-32P]ATP (ICN; >7000
Ci/mmol; 1 Ci = 37 GBq) catalyzed by T4 polynucleotide
kinase.

Library Screening and Gene Cloning. A genomic DNA
library from BALB/cAn mouse liver DNA partially digested
with EcoRI and cloned in the EcoRI site of EMBL-4 (average
size of DNA insert, 12-18 kb) was used. Approximately 106
plaque-forming units were screened in duplicate. Hybridiza-
tion and the final wash were performed at 55.5°C in the
presence of 3 M tetramethylammonium chloride (6).
DNA Sequencing. Cloned genomic DNA fragments cleaved

by restriction enzymes were subcloned in pBluescript II KS+
(Stratagene) and were sequenced either manually with the
Sequenase II kit (Amersham/United States Biochemical) or
with a Perkin-Elmer/Applied Biosystems DNA sequencer
(model 373A) using Taq DNA polymerase and fluorescent
dideoxynucleotides (Perkin-Elmer/Applied Biosystems).
Mixtures of oligodeoxynucleotides corresponding to con-
served amino acid sequences in homeodomains, M13 forward
and reverse primers, and sequence-specific primers were used
to sequence both strands of DNA. The Wisconsin Sequence
Analysis Package (Genetics Computer Group, Inc., Madison,
WI), Version 8, was used for sequence analysis and DNA
segment assembly.
Northern Blot Hybridization. Multiple tissue Northern blots

containing poly(A)+ RNA from mouse embryos at different
stages of development or poly(A)+ RNA from different adult
mouse tissues were purchased from CLONTECH and hybrid-
ized according to the manufacturer's instructions. [32p]_
labeled DNA and RNA probes were synthesized, respectively,
by random-priming of denatured DNA templates catalyzed by
the Klenow fragment ofDNA polymerase I (Pharmacia) or by
reverse transcription of linearized recombinant DNA cata-
lyzed by T3, T7, or SP6 RNA polymerase (Ambion, Austin,
TX).

Abbreviation: SH3, src homology domain 3.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank data base [accession nos. U65069, U65070,
U65067, U65068, U65071, and U65072 (for Uncx-4.1, OG-2, OG-9,
OG-12, OG-12a, and OG-12b, respectively)].
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RESULTS AND DISCUSSION

Genomic DNA Clones. Sixty-nine recombinant DNA clones
were obtained by screening a mouse genomic DNA library
with a mixture of 128 species of 20-nt antisense oligode-
oxynucleotides, corresponding to the complement of all syn-
onym codons for the amino acid sequence KVWFQNR, which
is a conserved sequence within the third a-helix of some
homeodomains (amino acid residues 46-52). Sixteen kinds of
mouse genomic DNA clones were identified by Southern blot
analysis of cloned recombinant DNA incubated with EcoRI,
EcoRI/BamHI, EcoRI/SstI, EcoRI/HindIII, and EcoRII
XhoI). At least one representative clone from each class was
subcloned and partially sequenced. Nucleotide sequence anal-
ysis showed that 51 of the 69 recombinant DNA clones
obtained were homeobox genes. Five novel murine homeobox
genes were found: Uncx-4.1, OG-9, OG-12, and OG-2 are
described in this report; OG-22, which is the mouse homologue
of the rat cart-i homeobox gene (7), will be described else-
where (S.A., A.C.P. and M.N., unpublished results). In addi-
tion, 4 previously described murine homeobox genes were
cloned: Hoxa-2 (8), Emx-2 (9), Otp (10), and K-2/Mhox (11,
12),
Nucleotide sequence analysis showed that an intron is

present in the genomic DNA between the codons correspond-
ing to the 46th and 47th amino acid residues of homeodomains
of six genes (OG-9, OG-12, OG-2, Uncx-4.1, Otp, and K2/
MHox). The results show that 19 of the 20 nucleotide residues
of some oligonucleotide probes hybridized correctly to com-
plementary nucleotide sequences in homeoboxes of cloned
DNAs. One mismatched base was found at the 3' ends of
oligodeoxynucleotide probes hybridized to genomic DNA.
Consequently, the 3'-terminal thymidine residues of probes

1CGGAGAC.-GCACCCGCACCAACTV!-.-..A-"CC.GGC.TGGCAGCTGGALGGAC-T-GGAGAAGGCGTTC1~~~~~~~~~~~~~~~~~~~~. ..%G ...........W..A.. T.G.... ....1 A A A r G w: 0 L F
61 .AATGAGAGCCACTACCCGGACGTGTI.IA.....G.....GCGGCGC ............. G
213NE S H V U L A L- R

121 GT.C.CG.AGTCCCCGA TTC"GTAAAGATTGGTGTCGCCCAAGGAGTCCGAGATCCCGCACTA
41 S ....V..

181 GGCGTGCAGAGCGCGGTGAGGCAGGGCCGCCTTTGTTCTAAGTGGCGGGGAGGTGGTTTC
241 AGGCTCCGCGCTGCTGGCCATGGTGGGGATTATGAGGGTTGAACCCCTTCTCCCATCTGG
301 AGGTGAGTAACTTGAGAGTGCCGAGGTGATTGGGGAGAGATCC- //- CCAG
361 AAGCTGCAACCCGAGTATCAGCATCCAAGGGCTGGTGGAGAGCTAGCCCTGGATCCGGCT
421 GCTCCCGCTGGAGCCGAGGTTGTTCAGACCTGTCTGGGGCGCGCTTGGGAGGCCCGCGGC
481 CCCCGCGGAGGGCTAGCCAGCCTGATIGTGCCTTCCCCCATCCCCCCTTTGTCCGGCTGT

v
541 TCTAGGTCTGGTTCCAAAATCGCCGGGCA.AATGGAGAAAGAA GAGAACACCAAAAAGG
47V W F 0 V A ~~~~~A..... K.. R K K I 2K K G.... ... :F: w. .................... .E 82 3K

601 GCCCGGGCCGGCCGGCCCACAACTCGCACCCGACCACGTGCAGCGGGGAGCCCATGGACC
67 P G R P A H N S H P l5 T C S G E P M D P

661 CAGAGGAGATCGCTCGCAAGGAACTGGAGAAGATGGAGAAGAAGAAACGCAAACACGAGA
basic and acidic residues

87 .E . I A R:K:::: E K M E:K.M::: CKK R K H E K
721 AGAAACTGCTCAAGAGTCAGAGCCGCCACCTGCACTCGCCCGGTGGCCTGTCCCTGCACA
107 K L L K 3 Q 23R H L Hf3 P G G L S L H E5
781 GCGCGCCCAGCTCCGACAGCGACAGCGGTGGCGGAGGCCTGTCTCCAGAGCCACCCGAGC

SH3 binding
127 A P 5S D 5 D S G G G G L S P E P P E P

841 CGCCACCGCCGACCGCCGCGGACAAGGGTCCTGGAGCGCACGGCTCTGGCATCGCGGGTT
147 P P P G5 A A D K G P G A H G S G I A G S
901 CCGCTCCGGTACCTCCTGGCGAGCCACCCGCGCCTGGCACCTGCGATCCCGCCTTCTACC

SH3 binding
167 A P V P P G E P P A P G T C D P A F Y P
961 CGAGCCAAAGAAGCGGCGCCGGCTCGCAGCCACGG 995
187 *23Q R fE G A G S Q P R 197

FIG. 1. Partial nucleotide sequence of Uncx-4.1 genomic DNA and
predicted amino acid sequence. The nucleotide sequences and pre-
dicted amino acid sequences of portions of the homeodomain are
enclosed in the dark-shaded boxes. Other regions of interest are
indicated by light shading. The broken line indicates a gap in the
nucleotide sequence. Consensus sequences for intron ends are under-
lined and sites for splicing are indicated by arrowheads. Amino acid
residues that are potential sites for phosphorylation are shown in white
on black backgrounds. The numbers correspond to the following
enzymes that may catalyze phosphorylation (14): 1, tyrosine protein
kinase; 2, protein kinase C; 3, cGMP-dependent protein kinase; 4,
Ca2+/calmodulin-dependent protein kinase; 5, casein kinase I or II.

hybridized to 3'-splice site sequences of introns, CAG or TAG
(13), instead of the first base of the Lys codon, AAG.

Partial Nucleotide Sequence of Uncx-4.1. In Fig. 1 are shown
the partial nucleotide sequence and predicted amino acid
sequence of the novel mouse homeobox gene, Uncx-4.1. Nu-
cleotide residues 1-138 are part of an exon that encodes amino
acid residues 1-46 of the homeodomain. An intron, which was
sequenced only partially, is present within the homeobox
between codons for the 46th and 47th homeodomain amino
acid residues. The RNA splice sites shown in Fig. 1 were
confirmed by nucleotide sequence analysis of Uncx-4.1 cDNA,
which will be reported elsewhere (A.C.R., R. Ray, and M.N.,
unpublished results). Exon 2 encodes 151 amino acid residues,
including homeodomain residues 47-60. Following the home-
odomain, the deduced amino acid sequence contains a region
rich in basic and acidic amino acid residues and tandem
consensus amino acid sequences for binding to src homology
3 (SH3) domains (15-17). The amino acid sequence of the
mouse Uncx-4.1 homeodomain is 88% identical to the unc-4
homeodomain of Caenorhabditis elegans (18).

Partial Nucleotide Sequence of OG-9. The nucleotide se-
quence of a fragment of the putative novel OG-9 homeobox
gene, 1271 nt long, and the deduced amino acid sequence of
the protein are shown in Fig. 2. Sites for RNA splicing have
been confirmed by nucleotide sequence analysis of partial
OG-9 cDNAs (M. Cinquanta, A.C.R., and M.N., unpublished
results). The first 70 nt corresponds to part of an intron, which
is followed by an exon encoding 52 amino acid residues,
including amino acid residues 1-46 of the OG-9 homeodo-
main. The homeobox is interrupted by a small intron, which is
followed by an exon that encodes 127 amino acid residues,
starting with Val-47 of the homeodomain. Ser and Thr residues

1 GATCAAGGCTTTGGGGCTGGGTGGAGGCTCTTGCAGGGAGTCTTGGT TGATTCCCATCC
v

......................................................................... .........

61 CGGCCCACAGGCTGTGCCAGTGGGTTGGGTCCCCATGA.GG.... AGGACCAC?TT.A..

1 C A S G LOGPS A:AA- Af1 flr:
121 0T:CGGGCAGTTGGT0GAGCTGsGC8GGTATTTGCAGCTAGGCCCTATC0T &T.C
17VQ L U ~ A 1 A YYP Ia

181 AccTGGzACrGCcAGAATAcTg GAcAACTcTATA
241 AALGAGCCAAC?ITCTGGOCTCAACAOCCTCTTCTCTCTGGGAATTCTGCTCTrTGGGTTTTC

301 TGTCCCACAAGGCTGTGCTGGTGCCAAATCATCCCTTCATCTTTTCTATCAGG'GG
53 ....,....

361 CAGATC GCGGCAA TAGAAAACCAGGAGCCCTAACTCAG
55Fw Q. :N A A K A K A K P GAL

421 CTGGAGCTTCCCCCAACTCCTGTTCTCTTCCAGACACTCCCCAGCTACCTTGGGACCCT
75 L E L P PH 5 Cl5 L PODT P Q L P W D P

481 GGACATCAAGCCATCCTCTGCACCCTACCAGTTCAGCTCAGTATACTTCAGCATGCCCA
950G T S S H P L H P T S S A Q Y T S AC P

541 CCACAGACCTCCTGCCTAGOCCCCATITTTGGGTCCAGGGCAGAGTTGGTCAGGGGCTAA
liSP Q T S C LOGP I L GPO 08SW SOGA K
601 GTZGGCAGCCCCATOOGG GACAATGOG GCTTCAOGGGATTCACTCTTCTTTAGAGCAATT
135V A A P W 0 T 5 0 A *5G I H *5S L E Q I
661 GTTCCTCAGACTTCACTGGGCAACCTGTCTGACCTTATCTATACCTCAGCCATCGTCACC
155 V P Q T S L GON L S D L I Y T S AlI V 5
721 ATGTAGACCACTTCTAATTUAGGTGTAGAGCTTTTAGTC'IGGCTCTGOCC¶IGTAOC
175HN V 0 H F * 179
781 CCATAGGACAOAGCACATAAGAGAACTCCTGCCTCTTTNTTTCACAGAGTGTTTGCTA
841 CAGTTGGCTCAGOOACTCCCACCCCCATCCCTAOTCTCCACCAOTTnAGTTOOOOTCCT
901 GOTGACTGGAGCCTGOCCTCCTAAACTCOCATCCTGGTCCTTTTGGGGACATGAGCATCA
961 GOGAGOSTACTOAAGTGAGGGACTACATTTTCCACCTTTACTGACAGGTIGGGTCCCC

1021 AACTCCTATTATCTTAOCAGAATOATCTCCTTCCTCTAAGOG&CAGCCACCAOTCTAAG
1081 AGGGCCCTTCAGGACCTCACATATGTGCCAOGGGGCAGGGTACTOOTCTOCTOGGOACCCAC
1 141 ATTTTCAGGTCAGGGCCCCATTCCTGACTCCTGCCACCTGGACAATTATCAGAA
1201 CTOTGGATCTGAAGAGAGAGTGATATAAGTTACAGAATAGAAGCCTGGGTCTAGCT
1261 TTATTGAATTC 1271

FIG. 2. Partial nucleotide sequence of OG-9 genomic DNA and
predicted amino acid sequence. Homeodomain regions are enclosed in
dark-shaded boxes. Consensus sequences for intron ends are under-
lined and sites for RNA splicing are indicated by arrowheads. Amino
acid residues that are potential sites for phosphorylation are shown in
white on black backgrounds. The numbers correspond to phosphory-
lations that may be catalyzed by the following enzymes (14): 1, protein
kinase C; 3, cGMP-dependent protein kinase; 4, Ca2+/calmodulin-
dependent protein kinase; 5, casein kinase I or II. A putative poly-
adenylylation signal is underlined and in-frame termination codons are
shown in boldface type.
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1 GGATCCCGCGCTCCCAGGGTTTAGGAGTCTCTAGCCTTCTGGAAAAATCTGGTAATGAGACTGTCTTGCTTTTTTTTTTTTTTTTTGTTCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT

~~~~~~~~~...... .. ......... ...

TCC CC TA&9!CCCCATTGCGAGGAGGTGGAGGCTGGGTCCTGAAGTCAGAGTGCTATACCTAATGTTTGCGGGGAGCTGCAGGTGTCTGGTGTGAGATGAAA

AAAAGGGGGGGGACATCTTTTCTAAAGAT //- GAGAAAGTCTAAACTTCTTTGTAGTGAGGCTTTTATGACACTAATTACCACCCCCATGTCCCTTCCCCCACCAAAAT
AAGAGTCATTATTTGCTTTACTGTTTGCTTTTCTTCAAGATGAAGCTAATTAATATTACAGGCTATTACTGAGTCTATTCTTCTTGGGTCTTAACTGGGTAAACATTTAAACCCATTATC
ACATTGGTGTCAGGTACCAGGGAGTGTTTT GGACCCCTGGGACTCTGTAATGTGGAAAGATGAAACCGGAACTAGTAGTAATTTATCAAGGAACAAT TTACCTTAAAACGAGTCTAGGAA
ATCTTTCTATTTTGTTTTTATTTTATTTTGTATTTCTTGATTTACATTTTTATTTTGAAAAGTGAAGCTAGTTTGTACAATTTAACATTTGTTTTTTATTTCCCAAGACTTTCCCAAACA

CTGCCCCCCCCCATTGTACTACTATAATTTAA GATGTTTTGAATATCACAGTTTATGGTTTTTTTTTCCTCAACTTTCA

*...N.Q.L.HGAAGAATAACTTCAGGCAACGTAACTCATAATTCTACTTTTATCTAAGTAAGTAAGTGGGTTTGGGGTATAGCTATAACTAAGACAAATGAACATCCTAGGAATGACAATGGGACATGATTGG

ACCTTGGAAATTATTTTAGAAATGTTTACCTCACATCTCATGTTTCATCTCCCCTTTTTTGTTTTTGTTTTTGTTTTTTTTTTTTGTTTGCTTTTATAGGTGTCCTTATAGGAGCCGCTA
v V L I G A A 15

GCCAGTTTGAAGCTTGTAGAGTTGCACCCTATGTCAACGTAGGTGCTTTAAGGATGCCATTTCAGCAGGiCAA,GTACAACCTAGCTACAAGCTTTTTTTTTTTTTTTAAGTGTAAAAAGGT
Q F E A C R V A P Y V N V G A L R M P F Q Q

CTGGATGTTTGTTTAGACTGCTGAACAGACC CTGTTTCTTTGCTTCAATTGAAGAACCAATTTCAAGAC TATATAGAGCACCCACTCCCCTTTAAAAAACCTATACAGTGTCAAGGCCTT
GAATATTTAGTCCTTTCTGTCTTCATAGGAGCCTGAGGGGAGCAACCTGTCCTTTAAAAACTGCATTTACGATGGCACCTGGGGAGAGGGAGAAACAGCGTTTGATTGGGATCAAATCCA
ATACAGAGGCTGGTCCAAGGGTGTTATAAAAGCAATCCTCTAAATAGTCATTCTAGATAGTTTTTTTTTAATCCCTTAGTCACATTAAGTGACTCTGGCAGAAGAAAAATAAATGCAACT
ATTCTCAATTCAGACTTATTTTTPAAAAGCTATCCTAAAAlAATAVAACAACAACACAAAAGTTTCATCTCTAATAAGAGGGAAGACTTGGTCTTCCCAGGGCTGGCTGTCCTATCTC
AGAATCCATTTCTGAGGGGGAAAAAAAAGTCTTTAGAATAACGTTTTAAAAGGAAAGCCTGCAGCAwATGATGTAATCCTAGGGAATCCCAGTGTTCTGAAGTCCCCACTCTCTAAGCT
AGAGGGCAAAATCCTTTCCTTTGCTAGCAACTGTCTGACCGTACCCATCTTCAGCAGACATCCTTACTCACCAAGACTGTAATGTCATAGATGAGCTCTCAGTCACCAGTACTCCGGAGT
GGGGAGACTTCAGGTGATTCTTATCTATTGAGTATTAGAGTTAGAGCCCAGGACTCCCTCACTACAGGACTCTTGGATCTTGTTGGAAGGAACTTGAA GGAGGATAGTTGTAGAAGA
AAGAGAGCCAGAACTTACTAGGAAACTGGCCCTACCTAAGAAGGTAGAGATCTTCAGGCCAGCAAAATCAGCCTCACCTAGAAGGTGGTTAGAACCTAGTCTGAGTCCCAACACACTAG
ACCTACTGACTCAGAATCTGTATTTAAACATGATCCCTACAGCAGGAAAAGTTAAGACCTGCAGATTCAATAGCTCCCCTAAACGACAAGAAAAAGTTATATATTTTTGTTTTAGTAGTG

V V
CACCCTAGGATAGTCATTGCAACGTGACGCCCTTGTCCTTTCAGGTTCAGGCGCAGCTGCAGCTGGACAGCGCCGTGGCGCACGCGCACCACCACCTGCATCCGCACCTGGCCGCGCACG

D S H C N V T P L S F Q V Q A Q L Q L D S A V A H A H H H L H P H L A A H A
V Q A Q L Q L D S A V A H A H H H L H P H L A A H A

CGCCTTACATGATGTTCCCGGCACCGCCCTTCGGACTGCCGCTGGCCACGCTGGCCGCGGACTCGGCCTCGGCCGCCTCGGTGGTGGCCGCTGCCGCCGCCGCCAAGACCACCAGCAAGA
SH3-bin.ding p]-loop

P Y H H F?P A P P. : G L P L A T L A A D S AS A A 5V V A A A A A A K T 23 L3 K N

P Y M H F P A ::iP P: F G: L: P L A T L A A D S A S A A 5A A K T 3 3 K N

ACTCCAGCATCGCGGATCTCAGACTGAAAGCTAAAAAGCACGCGGCCGCCCTGGGTCTGTGACGCCGGCGCCAGCGCCACGGTCGGTGGAGCCTCCTAAGCGGCGCGATCCTGCACGCCC
E238235I A D L R L K A K K H A A A L G L * 210

E235&235I A D L R L K A K K H A A A L G L * 198

TCCGCGACCGGCTTCTCCCGCACCCGCTTCTGACCGTCGCCCAGGCCTGTCCCTTCCCCGCTGACTGCCGCCTTTTCTTTCTGCACCCTGGATCC 3455

FIG. 3. Composite partial nucleotide sequence of OG-12 genomic DNA and two species of OG-12 cDNA and predicted amino acid sequences.

The broken line indicates a portion of DNA whose nucleotide sequence was not determined. Consensus sequences for intron ends are underlined
and sites for splicing are indicated by arrowheads. The nucleotide sequences and amino acid sequences of portions of the homeodomain are enclosed
in dark-shaded boxes. Two species of OG-12 cDNA were cloned that correspond to nt 189-380, 1042-1099, 1420-1508, and 3009- or 3045-3302.
The termination codon is underlined and is represented by an asterisk. Putative sites for binding to an SH3 domain or for binding to a nucleotide
(P-loop) are indicated by light shading. Putative sites for phosphorylation are showed in white on black backgrounds. The numbers correspond to
the following enzymes that may catalyze phosphorylation (14): 1, tyrosine protein kinase; 2, protein kinase C; 3, cGMP-dependent protein kinase;
4, Ca2+/calmodulin-dependent protein kinase; 5, casein kinase I or II.

are abundant in the C-terminal region of OG-9 protein,
comprising 24% of the total amino acid residues from the end
of the homeodomain to the C-terminal residue of the protein.
OG-12 Homeobox Gene. In Fig. 3 are shown a composite

nucleotide sequence obtained from an OG-12 genomic DNA
clone and two species of OG-12 cDNA (clones A and B), which
correspond to different alternatively spliced species of mRNA,
and the deduced partial amino acid sequences of OG-12
proteins. Nucleotide residues 1-188 correspond to part of an

intron, which is followed by an exon that encodes 18 amino acid
residues preceding the homeodomain and homeodomain
amino acid residues 1-46. The homeobox is interrupted by an

intron, approximately 2 kb long. A small exon follows that
encodes only 20 amino acid residues, including homeodomain
amino acid residues 47-60. Sequence comparisons between
OG-12 genomic DNA and OG-12 cDNA clonesA and B, which
were isolated from a 12-day mouse embryo library (Novagen)
show that the region of the OG-12 gene encoding the C-
terminal region of OG-12 protein contains two additional
exons: exon 3, encoding 29 amino acid residues (nt 1420-1508
in Fig. 3), which is followed by an intron, approximately 1.5 kb
long. Alternative 3' splice sites were found at nt 3008 and 3044.

Hence, OG-12 protein corresponding to OG-12A cDNA has 12
more amino acid residues than the protein corresponding to
OG-12B cDNA. Both OG-12 proteins have a putative region
for binding to an SH3 domain (15-17) and a potential site for
the binding of a nucleotide phosphoryl group, similar to the
P-loop motif of ATP/GTP binding proteins (19).

Nucleotide Sequence of the OG-2 Homeobox Gene. The
partial nucleotide sequence of a genomic DNA clone for the
putative novel OG-2 homeobox gene, and the predicted amino
acid sequence of OG-2 protein are shown in Fig. 4. The
predicted OG-2 homeodomain is encoded by three exons;
putative splice sites are found between homeodomain amino
acid residues 10-11 and 46-47. At least two more exons seem

likely after the homeobox in OG-2 genomic DNA: a short exon
encoding 29 amino acid residues, rich in Pro (nt 1180-1266),
followed by a longer exon with two alternative 3' sites for RNA
splicing (nt 1495 or 1542). Intron-exon junctions shown for
OG-2 genomic DNA were confirmed by nucleotide sequence
analysis of mouse embryo OG-2 cDNA clones, which corre-

spond to alternatively spliced forms of OG-2 mRNA that will
be reported elsewhere (F. Addivinola, A.C.R., and M.N.,
unpublished results). The C-terminal region of OG-2 protein
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GGTGGTGCGTGCTCCGACGCACGTGTGGTCCTTCCGTGGTGCCCTCTTCAGTGTCCCCTGAACTGAAGGATCGCAAAGACGATGCGAAAGGGATGGAGGACGAAGGCCAGACCAAAATCA
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CCCGAAGGGACCACCTCATTCTTGCAGTCAGGGACTAGAAACCCAAGGAAACATGCTCGTCATGATCTGAGGGTAGAGATGGGACACTAGAGTACCAATGTGGTGTTCCAGATTTAGCAA
AAAGCCTATAACGTCCTTCTCCAAACAGATACTTTGCCAAATGTTGCTTCCCTGTCGCGCACCCCAATTCTCCCCATAGCCAAGCTGGACGCCTTTAATGTTCTGTTTCTATTCTGTTGT



10694 Biochemistry: Rovescalli et al.

1

1
121
241

TCCCTAGAGTG&ACCTGTCATTTCCCTG" r''.G TTAGTCCTCTGAGGTGGAGGGAAGATATATATAATCTATGCAACATTATGACCCAGGAGAT
:::..:.: .:::::::: :::::::::::: ...::::::::::::.. ::::::::::::::: .-:: ..: : : : : : : : -

G .............TTGGAGGGTGCAGTCAGTCACTTTGC CCTGAATGTTTCTCTTTGTCTATGGCATGTCAATACTTTTGACCCCTGAGGGAAGACCAGGCAGGCTATCTTGTCTTAGACCAGGATAGAA

361
19

481
44

601

721
55

841
62

961

1081

TGGCTGGCCTCTTCCATTAC

:CCAoATGGTCGGGGTA CcCCCAAAGGA&xGGTAAAAGGGAC
............................................................................................................................ ...................................

AAGAGGTAGCTGAAACCCAGGAAAGTGTCCTCCACAATCATGCCTAAGCCTTTGTCTCTGCCAGCATTCTCAAGTTGAGGTGCCCTTCCTCTATTCCTAO..QT.GTGGT..T..-T.-C.-AGAACC........--W'-.--..-AG:
v V::W :F -Q

E K L NE K E f23 K N G P A A P 5A D S S Q H R
CCAAGCAGAAGTGGAGTCAGCATGGGAGACCTGGGGTCTTGAAGGAGACGTTGGGTATGGAGAGTAAGAGCTAGGGATATTGACAAATTCTTTAAGGGATCTGGGCTGGGCTGGAGACA

91 V 3 A P E L L D
12 01 ACCCTATGCCTACAGACCTAGAACCTGGCCCTGTTCCTCCAGAGACATCCTGGATGTCTTTCCTGGTGACTCCTACTTTCAGAAGGTTTGGGGAGTTGGG GTGGGGATGAAACTA

98 P M P N D L E P G P V P P E N I L D V F P E
13 21 GAGGACAGTTGAACAGGAGGGCTTCACTCCTTAGAGGTGTCAGTGACCACAGCACTCCAGGGTTTTGTACCAGTGAGCCCTGGGCATTGATTGTACTGTCTGSTCATTCAGCAATGACAC

V V

1441 AGCTGTCTCCCCATCTTCTTATGCTGAGTGCCTCTCTTTGTCATATTTTCCTAGAGCCCCCCATGCTGCTGACTTCTGACAGACTCTGACCCCCTTTCAGATAATGAGGGTGCTGAGA
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1561 GGGTGGCAGTGACTCCACCACTCCTCAGTCCCCCACCTATTCGAAGGGCCAACCTTCCTCTTCCTCTGGGTCCTGTTCAAACTCCTCAAGTACTGCCTCCAATGAGGGACGTTCCTGGCA
SH3 binding
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FIG. 4. Partial nucleotide sequence of OG-2 genomic DNA and predicted amino acid sequence. The nucleotide sequence and the predicted
amino acid sequence of the OG-2 homeodomain are indicated by dark-shaded areas. Light shading represents a possible site for binding to an SH3
domain. Consensus sequences for intron ends are underlined. Sites for splicing are indicated by black arrowheads. The termination codon is
underlined and is represented by an asterisk. Putative amino acid residues that may be phosphorylated are shown in white on black backgrounds.
The numbers correspond to possible enzymes catalyzing phosphorylation (14, 20, 21): 1, tyrosine protein kinase; 2, protein kinase C; 3,
cGMP-dependent protein kinase; 4, Ca2+/calmodulin-dependent protein kinase; 5, casein kinase I or II; 6, histone Hi kinase; 7, mitogen-activated
protein kinases.

is rich in Pro (23%) and Ser or Thr residues (19%) and
contains a putative SH3 domain binding site. Potential sites for
phosphorylation catalyzed by protein kinases also are shown
(14, 20, 21).

Expression of Uncx-4.1, OG-9, OG-12, and OG-2 Genes in
Mouse Embryos and Adult Mouse Tissues. Northern blot
analyses of poly(A)+ RNA from mouse embryos 7, 11, 15, and
17 dayspost coitum and from different adult mouse tissues are

shown in Fig. 5 A and B, respectively. As shown in Fig. 5A, a

1.1-kb species of Uncx-4.1 RNA is present in poly(A)+ RNA
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from 7- through 17-day mouse embryos that increases in
abundance by the 15th day of embryonic development. Two
additional species of Uncx-4.1 RNA were found in poly(A)+
RNA from 11-, 15-, and 17-day mouse embryos, a major band
of RNA 2.2 kb long and a minor band of 4.5 kb. Two major
bands of OG-9 RNA, approximately 1.8 and 2.8 kb long, and
several minor bands were found in poly(A)+ RNA from 7-
through 17-day embryos. A diffuse band of OG-9 RNA (0.5 kb)
also was detected in poly(A)+ RNA from 15- and 17-day
embryos. One band of OG-12 RNA, about 5.0 kb long, is

B: ADULT MOUSE TISSUES
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FIG. 5. Northern blot hybridization of poly(A)+ RNA from mouse embryos (A) or adult mouse tissues (B). Each lane contains 2 ,ug of poly(A)+
RNA from mouse embryos 7, 11, 15 or 17 days post coitum (A) or from adult mouse heart (H), brain (B), spleen (S), lung (L), liver (Li), skeletal
muscle (SM), kidney (K), or testis (T) (B). Blots were hybridized with antisense RNA probes (Uncx-4.1, OG-2, or OG-12) or a denatured
double-stranded DNA probe (OG-9) labeled with 32p. Probes correspond to the following nucleotide sequences, which are downstream of homeobox
sequences: Uncx-4.1, nt 622-742, Fig. 1; OG-9, nt 400-660, Fig. 2; OG-12, nt 1081-1492, Fig. 3; OG-2, nt 866-1123, Fig. 4.
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FIG. 6. Similarity of Uncx-4.1, OG-9, OG-12, and OG-2 homeodomains to known homeodomains. Each predicted homeodomain amino acid
sequence is aligned with the most closely related known homeodomains. Species abbreviations are as follows: m, mouse; ce, C. elegans; and d,
Drosophila. A dash represents an identical amino acid residue; conservative amino acid substitutions (according to figure 84 in ref. 22) are shown
in boldface type; conservative amino acid replacement families are as follows: G, A, P, S, T; V, M, I, L; F, Y, W; D, E, N, Q; K, R, H; and C. Each
pair of values separated by a dash in the percent homology column corresponds to the following: percent of identical amino acid residues; and the
percent of identical amino acid residues plus conservative amino acid replacements. Asterisks in the reference column correspond to this report.

present in poly(A)+ RNA from 7-day mouse embryos. The
most abundant species of OG-12 RNA detected in poly(A)+
RNA from 11-day embryos is 4 kb long; trace bands of RNA,
about 3.4, 5.0, and 8.0 kb, also were found. Poly(A)+ RNA
from 15- and 17-day embryos contains 3.4-, 4.0-, 6.0-, and
8.0-kb bands of OG-12 RNA. One major band of OG-2 RNA,
6 kb long, and trace bands, 2.6, 4, and 7 kb long, were found
in poly(A)+ RNA from 15- and 17-day embryos.

Northern blot analyses of poly(A)+ RNA from adult mouse
tissues are shown in Fig. SB. Poly(A)+ RNA from brain
contains five major bands of Uncx-4.1 RNA, approximately 0.7,
1.0, 1.9, 6.0, and 8.0 kb long, and a minor band of 4 kb. The 0.7-
and 1.0-kb species of Uncx-4.1 RNA also were found in kidney
poly(A)+ RNA; whereas, a 0.7- and 1.3-kb species of Uncx 4.1
RNAwere found in poly(A)+ RNAfrom testis. Poly(A)+ RNA
from spleen, lung, and liver contain prominent 0.7-kb bands of
Uncx-4.1 RNA; the abundance of this species ofRNA is low in
RNA from heart and striated muscle.
One major band of OG-9 RNA, 1.4 kb long, was detected in

poly(A)+ RNA from somatic muscle and a trace band, ap-
proximately 2.8 kb long, was found in poly(A)+ RNA from
brain; however, little or no OG-9 RNA was detected in other
tissues tested.
OG-12 RNA was detected in all tissues tested; however, the

size and number of bands of OG-12 RNA differed, depending
upon the tissue. Poly(A)+ RNA from striated muscle con-
tained the most abundant band of OG-12 RNA (about 2 kb
long).
Two prominent bands of OG-2 RNA, 1.9 and 2.6 kb long,

and a trace 4.4-kb band of RNA were found only in poly(A)+
RNA from somatic muscle. A trace band of OG-2 RNA, 2.6 kb
long, was found in poly(A)+ RNA from heart, and trace bands,
approximately 3.5, 4.0, and 6.0 kb long, were found in poly(A) +
RNA from liver and kidney. However, little or no OG-2 RNA
was found in poly(A)+ RNA preparations from other tissues
tested.
These results show that multiple bands of Uncx-4.1, OG-9,

OG-12, and OG-2 RNA are present in poly(A)+ RNA from
mouse embryos and adults, that species of Uncx-4.1, OG-9,
OG-12, and OG-2 poly(A)+ RNA change during development,
and that each gene is expressed in the adult mouse in a

tissue-specific pattern.
Homeodomain Homologies. In Fig. 6, the predicted amino

acid sequences of the homeodomains encoded by Uncx-4.1,

OG-9, OG-12, and OG-2 genes are compared with the most
closely related homeodomains described thus far. The homeo-
domain of Uncx-4.1 is 88% identical and 97% similar (identical
amino acid residues plus conservative amino acid substitu-
tions) to the unc-4 homeodomain of C. elegans. unc-4 homeo-
domain protein probably regulates the expression of one or
more genes that encode proteins that are required in the
nematode to form proper synaptic connections between in-
terneurons and some members of a class of ventral cord
motoneurons (18, 28). An intron is present between codons for
homeodomain amino acid residues 46 and 47 in both mouse
Uncx-4.1 and C. elegans unc-4.genes; however, another intron
in the unc-4 gene between codons for homeodomain amino
acid residues 9 and 10 is not present in the mouse Uncx-4.1
gene.
The OG-9 homeodomain is distantly related to the mouse

Phox2 (23) and Drosophila prd (24) homeodomains (both 63%
homology) while the OG-12 homeodomain is most closely
related to the mouse Phox2 (23) and pax-3 (25) homeodomains
(both 72% homology). However, Gln residues are found at
position 50 of the OG-9 and OG-12 homeodomains; whereas,
Ser-50 is found in the paired family of homeodomains, i.e.,
Drosophila prd, gsb-p and gsb-d, and vertebrate Pax homeo-
domains (for review, see ref. 29). Amino acid residue 50 plays
a role in DNA base recognition (30), and amino acid substi-
tutions at this position have been shown to alter the nucleotide
sequence specificity of prd (31) and bicoid (32).
The homeodomain of OG-2 is a relatively diverged homeo-

domain that exhibits only 53-55% homology to the homeo-
domains of Drosophila al (26), OG-12, and repo (27), a
glial-specific homeodomain protein. The OG-2 homeodomain
is the only homeodomain that has been found thus far that
contains a Met residue at position 46. Most homeodomains
contain Lys-46;or less frequently, Arg-46. A single nucleotide
substitution would be sufficient to change a Lys codon, AAG,
to a Met codon, ATG.
Each novel gene contains an intron within the homeobox

between codons for the 46th and 47th amino acid residues of
the homeodomain. Another intron is present in the OG-2 gene,
between homeodomain amino acid residues 9 and 10. Other
homeobox genes from C. elegans, Drosophila, and mouse have
been reported that also have an intron between the 46th and
47th -and/or the 9th and 10th amino acid residues of the
homeodomains (for review, see ref. 33).
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Further work is needed to localize Uncx-4.1, OG-9, OG-12,
and OG-2 RNAs at the tissue and cellular levels, both in
embryos and adult mice.
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