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Abstract. We identified a novel human gene, NOC4 (Neighbor encodes a 24-kDa protein of unknown function. The NOC4 gene
Of COX4), located 5to COX4, the gene for cytochronmxidase  is positioned in a head-to-head orientation with the COX4 gene
subunit IV, on Chr16q32-ter. Transcripts from this gene were iden-and is thus transcribed from the non-coding strand of the COX4
tified among human expressed sequence tags. A full-length, 1.06enomic region. The transcription start sites of the two genes are
kb human retinal NOC4 cDNA encoded a 24-kDa, 210-amino acidwithin 250 bp of each other, suggesting that the intergenic region
hypothetical protein of unknown function. Northern hybridization comprises a bidirectional promoter.

analysis of human RNAs from various tissues detected NOC4

transcripts of 2.2 and 1.4 kb in all tissues examined, suggestin .

that NOC4 expression is ubiquitous. Transcription of both theMaterials and methods

COX4 and NOC4 genes initiates within a 250-bp intergenic pro-

moter and occurs in opposite directions. The bidirectional pro-Qligonucleotide primersOligonucleotide primers were synthesized in
moter is G + C-rich, lacks TATA and CCAAT elements, and con- the University of Michigan DNA Synthesis Facility or the Macromolecular
tains multiple potential binding sites for Sp1 and NRF-2/GABP. Core Facility of Wayne State University. Primers for amplification of
Two of the NRF-2/GABP sites are located within 14-bp direct intron 4 of COX4 (GenBank AF005889) were:

repeats, a conserved feature of mammalian COX4 promoters. THEOX4-G 5 CTCGTTATCATGTGGCAGAAGCAC 3(nt 7244 to 7267)
NOC4 and COX4 genes are also linked in the rat, mouse, an§schlVL 8 CAGCATCTCTCACTTCTTCCACTC 3 (nt 8266 to 8283)

bovine genomes. A NOC4-GFP fusion protein is located in bothgg?%))(ﬁgg‘;aﬁnagcggggiggégg%%%ﬁizfg% ?8 1(5 Zozgggg)
the nucleus and the cytoplasm, including the mitochondria. -

DNA probes and PCRThe human COX4 cDNA insert was isolated
. from plasmid pCOX4.111 (Zeviani et al. 1987). Full-length NOC4 cDNAs
Introduction from either adult human retina (I.M.A.G.E. Clone ID 219691; GenBank

. . . . H80016) or mouse kidney (I.M.A.G.E. Clone ID 656449, GenBank
Cytochromec oxidase (COX; EC 1.9.3.1) is a multisubunit com- Aa244899) were from the 1.M.A.G.E. Consortium (LLNL) (Lennon et al.
plex that catalyzes the terminal redox reaction in the mitochondrial996). DNA fragments used as hybridization probes were isolated by elec-
respiratory chain (Hatefi 1985). The 13-polypeptide subunits of therophoresis and labeled wite{>P]JdCTP (>3000 Ci/mmole) by the ran-
mammalian enzyme are encoded by both nuclear and mitochorsom primer labeling method (Feinberg and Vogelstein 1983). We gener-
drial genes. The three largest subunits (I-1ll) are encoded in miated a probe to intron 4 of the human COX4 gene by two rounds of PCR
tochondrial DNA (mtDNA), whereas the ten smaller subunits arearT_1pI|f|cat|on of human genomic _DNA_(SOO ng; cell line 293), using nested
encoded in the nucleus. The mitochondrial subunits carry out th&/Mers. PCR was carried out with primers (3.5 pmoles each) correspond-
electron transfer and proton pumping activities of the complex'gg {0 the ends of exon 4 (hCOX4-G) and exon 5 (PschiVL) in a A00-

. . . . eaction containing 10 mn Tris-HCI (pH 8.3), 10 nw KCI, 4 mm MgCl,,
(Capaldi 1990; Tsukihara et al. 1995, 1996). The exact function o) 5 1y each dNTP, and 10 units of AmpliTag DNA polymerase, Stoffel

the nuclear subunits is not known, but they are thought to b&ragment. Reactions were incubated at 94°C, 40 s; 63°C, 30 s, and 72°C,
involved in the regulation and/or assembly of the enzyme comple min, for 5 cycles, then were annealed at 56°C for an additional 35 cycles.
(Kadenbach et al. 1987; Lomax and Grossman 1989; Poyton anthe gel-purified 1-kb PCR product was subjected to an additional round of
McEwen 1996; Napiwotzki et al. 1997; Arnold and KadenbachPCR under similar conditions with nested internal primers that anchored to
1997; Grossman and Lomax 1997). Recent X-ray crystallographi@OSitionS in exon/intron junctions (hCOX4-int4L and hCOX4-int4R).
analysis of bovine heart COX confirmed the presence of all 13

subunits in the enzyme complex and demonstrated that manpNA sequencingThe DNA sequence of exons 3, 4, and 5, and introns

nuclear-encoded subunits are intimately associated with the mitas and 4 of the COX4 gene was determined manually (CircumVent Thermal

chondrial subunits (Tsukihara et al. 1995, 1996). Cycle sequencing kit; New England Biolabs, Beverly, MA). The DNA
During analysis of the promoter region of the human COX4 sequence of the remaining regions of the COX4 gene and the NOC4

gene, we identified a novel gene, NOC4e(iyhbor G COX4), that cDNAs was determined on duplex plasmid DNA by the University of
- - 7 Michigan DNA Sequencing Facility on an ABI model 373A automated

E— DNA sequencer. DNA sequences were assembled with the ASSEMGEL
* Present addresdDepartment of Biology, Hamilton College, Clinton, NY  program of PC/Gene (Intelligenetics, Campbell, Calif.). Database searches
13323, USA. were carried out with the FASTA program of Genetics Computer Group
Correspondence tovl.l. Lomax (GCG) software (Madison, Wis.) on a VAX Ill computer under VMS or

with the BLAST search algorithm at NCBI.
The nucleotide sequence data reported in this paper have been submitted to 9

GenBank and assigned the accession numbers AF005889 (human COX4
gene), AF005888 (human NOC4 cDNA), and AF052621 (mouse NOC4Genomic library screeningA human genomic library (Clontech, Palo
cDNA). Alto, Calif.) was screened under stringent hybridization and wash condi-
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Fig. 1. The human COX4/NOC4 genomic region encoding the functionalbox 1 (NOC4) or boxes 1-5 (COX4). Open boxes denote regions encoding
COX4 gene and the'%®nd of the linked gene NOCA. Restriction maps  the 5 untranslated region (UTR); hatched boxes the presequence of COX
of the human COX4 and NOC4 cDNAs. Boxes represent coding regionslV; closed boxes the NOC4 polypeptide or the mature COX IV protein.
lines represent’5and 3 UTRs. Hatched box denotes the presequence ofThere may be additional cleavage sitesHimncll andSad 3’ to the COX4
COX IV. Filled boxes represent coding regions for the NOC4 hypotheticalgene that have not been mapped. Regiona\lE0X4 subcloned into
protein or the mature COX IV protein. Restriction enzyme sites are abbreplasmid vectors (3.7-kblindlll and 5.8-kbEcdR| fragments) are indicated
viated as followsBanH|I (B), EcaRl (E), Hincll (C), Hindlll (H), Notl (N), below the restriction mapC. Probes used in genomic Southern blots are
Sad (S), Sfil (F). B. Restriction map of the human COX4 and NOC4 genes. indicated.D. Regions transcribed into antisense RNA probes foerd

The genomic library contained partislaiBA-digested human placental mapping by RNase protections. The direction of the arrow indicates'the 5
DNA cloned into theBanH|I site of AEMBL3 Sp6/T7. Exons are shown as to 3’ direction of the probe.

tions (Sambrook et al. 1989) with two probes, the entire 694-bp humar87°C, then precipitated at —20°C for at least 2 h. Pellets were resuspended
COX4 cDNA and the intron 4 probe. Phage DNA was prepared (Ausubein 95% formamide/0.025% each xylene cyanol and bromophenol blue/0.5

et al. 1990) from two plaque-purified, positive clones. COX4 genomic M EDTA/0.0025% SDS, heated 4 min at 90°C, and subjected to electro-

regions were localized by restriction mapping and Southern hybridizatiorphoresis on a 6% acrylamide+ urea sequencing gelmu2 h at 60W.

with COX4 cDNA probes, subcloned into pGEM3Zf(+) (Promega, Madi-

, Wis.), and d both strands. . o
son, Wis.), and sequenced on both strands Construction and localization of a NOC4-green fluorescent pro-

tein fusion. A T3 primer and @&BanHI adaptor primer based on théénd
Northern analysis of NOC4 and COX4 mRNAsmulti-tissue  of the human retinal NOC4 cDNA (EGTGGATCCTTTTGCACAAGT-
Northern blot (Clontech) containing various human tissue pol/@)As GTAGGACAGC) were used to amplify theé 8anking and protein coding
(2 ng) was probed with the 694-bp human liver COX4 cDNA, regions by PCR. Reactions were carried out as recommended by the sup-
pCOX4.111, and the 1.06-kEcaRI/Hindlll insert from human retinal  plier (Gibco-BRL, Gaithersburg, Md.) with 20 ng template DNA, 10
NOC4 cDNA. Labeled cDNA probes were separated from unincorporatedeach primer, 20 m Tris-HCI (pH 8.4), 50 nm KCI, 1.5 mv MgCl, for 30
nucleotides on a Bio-Spin 6 column (BioRad, Hercules, Calif.). The mem-cycles at 94°C 45 s, 55°C 45 s, 72°C 1 min 30 s. The PCR product was gel
brane was prehybridized for 30 min at 68°C in 5 ml ExpressHyb solutionpurified (Millipore Ultrafree MC filters), subcloned into pGEM-T (Pro-
(Clontech). Equal molar amounts of COX4 (4 ng at 9.8 X dfim/ng) and  mega) and sequenced. The 600HipdIll/BanHI fragment containing the
NOC4 (7 ng at 1.9 x 10cpm/ng) cDNA probes were denatured with 100 5" flanking and coding regions of NOC4 was then subcloned into the
g sheared denatured salmon sperm DNA by heating to 100°C for 5 mirtorresponding sites in the green fluorescent protein (GFP) vector derived
and were added to 5 ml fresh ExpressHyb solution. The membrane wafsom pcDNAS3 (Invitrogen, Carlsbad, CA) and optimized for human codon
hybridized in the ExpressHyb solution containing probes for 90 min atusage (kindly provided by Brian Seed).
68°C, then washed according to the supplier’s instructions to a final strin- HelLa cells were seeded on glass cover slips and cultured at 37°C
gency of 0.1 x SSC, 0.1% SDS at 50°C. The blot was exposed for 5 h abvernight prior to transfection. Transient transfection was performed with
—-80°C with intensifying screens. Relative levels of COX4 and NOC4 FUGENE 6 Transfection Reagent (Boehringer Mannheim, Indianapolis,
transcripts were determined by volume image analysis of a 40-min expoN) following the manufacturer’s protocol. For each 35-mm petri dish, 1
sure with a BioRad Model GS-250 Phosphorimaging System with Mo-ug of NOC4-GFP DNA in 3ul FuGene 6 reagent was used. Cells were
lecular Analyst v1.4 software. cultured for 48 h, followed by incubation in medium containing 41 m

MitoTracker Red CM-H2XRos (Molecular Probes, Eugene, OR) for 1 h.

. ) ) ) Cells on cover slips were washed subsequently in PBS, fixed with 2%

RNase protection assays. Hindlll/Pst genomic fragment spanning paraformaldehyde in PBS for 5 min, washed again, and permeabilized in
th_e 5 end of COX4 and termlnatlng at tHest site in Intrpn 1 (nt 1481, 0.1m Tris-HCI (pH 77)’ 0.154 NaCI, 1% BSA, 0.1% TX-100 (KB) atRT
Fig. 2) was the template for synthesis BP-labeled antisense RNA. A ¢4 30 min. Nuclei were stained with 0.5 mg/ml DAPI for 10 min, washed
Hincll/Hindlll fragment (nt 625-2937; GenBank AF005889) spanning the i, kg solution without TX-100, and mounted in 50% glycerol. Fluores-

5' end of NOC4 was the template for synthesis of an antisense NOC4gnce was observed with a Zeiss laser scanning confocal microscope 310
RNA. Transcription reactions (800 ng of template) were incubated for 1 hequipped with a 63x oil lens.

at 37°C in a 20ul reaction consisting of 40 mn Tris-HCI (pH 7.9), 6 nw

MgCl,, 2 mm spermidine-HCI, 10 m DTT, 1 mm each of ATP, GTP, and  Results

UTP, 2.5um CTP, 50 uCi [«-32P]CTP (B00 Ci/mmole), 20 units of

RNasin (Promega), and 25 units of T7 RNA polymerase (Life Technolo-

gies, Gaithersburg, MD), followed by 15 min at 37°C with 1 unit of Isolation and characterization of the human COX4 ge¥Wée iso-

RNase-free DNase (Promega) to remove DNA. RNA probes were heafated two clones containing the human COX4 gene by screening a

denatured and purified by gel electrophoresis. , _genomic library with an intron 4 probe. Restriction mapping and
RNase protection assays were carried out with an RPA Il kit (Ambion, 5 thern analysis with the human COX4 cDNA demonstrated that

Austin, Tex.). Total HeLa RNA (3Qug) was ethanol precipitated with ,n0 \hcOX4 contained two restriction fragments characteristic

approximately 1 x 1®cpm of labeled antisense RNA, resuspended in 20 . .
wl of hybridization buffer (80% formamide/100 nmsodium citrate, pH of the human COX4 gene: a 5.8-KccR| fragment previously

6.4/300 nm sodium acetate, pH 6.4/1xmEDTA), denatured 4 min at  Mapped to Chr 16g22-gter (Lomax et al. 1990) and a 3.Hib
90°C, then annealed overnight at 45°C. Control reactions containegj10 dlll fragment containing the’send of the COX4 gene (Fig. 1). The
of yeast RNA in place of the HeLa RNA. RNA duplexes were digested5.8-kb EcoRI fragment contained the remainder of the COX4

with a mixture of RNases A and T1 (1:1000 dilution), incubated 30 min atgene: exons 2-5 plus thé 8anking region (Fig. 1). The COX4
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SacI
1 gagctceggggtgeccgagtaccgacageccaaagaagcatttacactttgecagataaggaatcggetetgegaaggtgecgaagaaccaaatcctagega
1 ttaatgtcccaacaacgtgaacacttcctgcaactcgaaatcctcaagggaaactctgtcgaatccccaccaagtgaacgatgacttgtttctacaaagg
1 ctactgatttcaggaaactaacgtataactcgtcgcctcaaagtgcctctaaaagcatccacgacggtcaaaagtcgctgctactacgggacgctattga
1 ttcagcgccaagacCcaagcgccatcgtggatcaccccaCtCCtggccacggcaaﬁgg&agggagcg gtcctaggagectgetggagggegaccgetgg
- intron

<
401 gccagcttectctctgetgactgaggggaggecaggetgectgeaaggggaaggggeectttecgeget tacCAGGETGAGAGCCACCTCCAGCATGGGE
LeuThrLeuAlaValGluLeuMetProA

501 GCGAGGGCCAGGGTGCCGTGGAAGAGGGGGATGCAGTCCACGAAGAGGGTGTGGTGGECGCCGEGGCCGCCCAGGGGGAGGTGCTCCTTACGCGGTTTCT
laLeuAlaLeuThrGlyHisPheLeuProlleCysAspValPheLeuThrHisHisAlaGlyProGlyGlyLeuProLeuEisGluLysArgProLysGl

601 GCTTCTCGGCCACCAGGAGCCCGTTGACGGGGCAGTGCGGGTACTTGGCGCCGTGCAGCACCATCTTGCAGTAGGCCTGGGTGGTCAGTTTCACCCTGGG
nLysGluAlaVa1LeuLeuGlyAanalProCysH1sProTerysAlaGlyHlsLeuValMetLysCysTyrAlaglnThrThrLeuLysValGlyPro

Sf1T
701 CAEGCTGACCCGGGAGGGCCCCGGAGGCCCCTGGGCGCGCGGCTGAGGCCTGGACCCGCTGCCTGGCCGCGCGGCGCCTCAGCCGAGAAGCGGGACGAGG
Me

<-- NOC4 exon 1 <| NotT NRF-2 NRF-2
801 CGGCGGCGATTGATGGCGCgaccgcgggctggegggggacectteaggeceggeccegtttgggecteggctectggaaaagegactegegectetggga
NRF-2 NRF-2 region I

901 agccgcagccccagactecagtegegettetegeccggaegecgecggaaageagectetecaacg ctgccg%gaa cagcceggeccggeattttacga
* g * NRF*% Spl I> CO: exgn »ugg 99
1001 cgttcgcagcgctaccecttttecgetecacggtgaccteegtgeggecgggtgcggacggagtctTCCTCGATCCCGTGGTGCTCCGCGGCGCGGCCTTG
COX4 intron 1 -->

1101 CTCTCTTCCGGTCGCGGGACACCGGGTGTAGAGGGCGGTCGCGGCGGGCAGTGGCGGCAGg;g;ggC%ggaggtggccggtgcggchCgcCaggccgqg

1201 chggtcggggggccggqagccatcaagtctgcacgtccgcagcctggccgc{cggcttcagcaggaagcaccgaatgggcctcggagccaggtgacatt
1301 gaggccggcccgtggggactccgggctcggtggctccaggctcggggggccgccccgaagtgcccggtccatcttacccggtctcggagcggctgcggac
1401 cggcctcgggcactgaccttggagcgcccgctggccgagggctcagg%tgcggggaggcgggsgcgcgﬁﬁgggtgcctgcagcctccgcccttgctcctt
1501 caaaaggtccctgtgcaacccctcccgggttttgcgggag%gcg%%%gggcgctcggc;ttccagcctggaaQQCQCCCgsggtttgctcacgcaagggc
1601 taggcccaaggagagaagctagacgcgggegttcagecctgacgtcatgettgtttattetgecccaaggagggtatttececcacatcactetcaccagt

1701 cctccgagggg%cgatttaaagggggccgtgtaaggttgatgggcﬁsgagtagaggagggcccgggtgagggggggtctcataggttttccgctctcctc

agggattggaaattgatcggggctgtgttggcagecttcecteccaatttecccttetagtctatgtacaggecggtattaggttttaaaacactcagttgaat
1901 gtgatgcgtgccacggtccctgtgagctgtcacctccccccaccgctccctgaagaatggagcctgtcacggcagcacagtgctttaatgatctctagct
2001 ttttcagagtcaccttgttagcattttticttcttgeetttttttgtttgagacggactettgetetggttgeccaggetggggtgecagtggtgeggtet
2101 cggctcactgcagtctctacctcccgggttcaagegattettctacctecagectecccaagtageggggattacgggegeccactaccatgeceggetaat
2201 ttttgtattgttagtagagacgggatttcaccatgttggccaggctggtcttgaacccccgacctcaggtgatcggtccgcctcggcctcccaaagtgct
2301 ggaattaccggcgtgagecaccgegecceggectectecttgtttttttaaaaagaccaatgttetgttaattacctgaagegegtatatattatggeagtt

co
2401 gatttataatgaagctccttaaaagcatgccaattactaagaaaaacctcatcctaggteattttgtgaatte

Fig. 2. Nucleotide sequence of 2.5 kb of genomic DNA comprising the consensus elements for binding by the transcription factor Sp1 (Kadonaga
bidirectional human COX4/NOC4 promoter. The sequence is numbereet al. 1986), NRF-2/GABP (Karim et al. 1990; Virbasius et al. 1993), and
beginning with theSad site in intron 1 of the NOC4 gene, which is ATF/CREB (Montminy et al. 1986) are underlined. NRF-2 sites present in
approximately 1 kb upstream of COX4 exon 1 (Fig. 1), and extends to théandem 14-bp direct repeats in the promoter region and a 15-bp region
EcaRl site (nt 2473) in intron 1 (Fig. 1). The sequence of the NOC4 and(region I) conserved in human and bovine promoters are labeled in bold
COX4 5 flanking regions plus COX4 exons 1-3 and part of exon 5 type. Leftward () and rightward (J arrows indicate the '5ends of the
(GenBank AF005889) was determined from subcloneat@€0OX4; the longest available cDNAs for NOC4 and COX4, respectively. The sequence
sequence of exons 3-5 was obtained from three independent subclonesaifthe COX4 gene and cDNA were identical except for a G/A polymor-
two different PCR products of human genomic DNA. COX4 and NOC4 phism at position 1150 in the¢ & TR and a discrepancy of 11-bp at the 5
exons are in upper case, introns and flanking regions in lower case. Thend of the COX4 cDNA. Two adult brain ESTs (GenBank H49136 and
sequences of the amino terminus of the NOC4 protein (written in reverséi52746) showed nearly complete identity with the COX4 genomic region
orientation, from COOH- NH,) is presented in the three-letter amino acid beginning at position 1066. Transcription start sites mapped by RNase
code below the nucleotide sequence. Restriction enzyme cleavage sites apobtections are marked with asterisks (*).

gene thus spans approximately 7.4 kb. The location and size of thdOC4 is widely expressedNorthern hybridization analysis with
exons are similar to those of other mammalian COX4 genes fronthe human retinal NOC4 cDNA detected NOC4 transcripts in
cow (Bachman 1995), rat (Yamada et al. 1990; Virbasius andoly(A)” RNAs from all adult human tissues tested (Fig. 4). Two
Scarpulla 1990) and mouse (Carter and Avadhani 1991). transcripts, 2.2 kb and 1.4 kb, were seen in all tissues (Fig. 4A).
The size of the smaller transcript is consistent with the size of the

e . NOCA4 retinal cDNA (1.06 kb) if we assume a 300-residue poly(A)
Identification of a novel overlapping gene, NOCBASTA . X . )
searches of the GenBank/EMBL database with the presumptivctea”' However, the structural basis for the two different transcripts

. ) . known. Database searches with the human NOC4 cDNA se-
COX4 promoter sequence showed high sequence identity td the 5> 1<) o ) ;
flanking regions qua” COX4 geneS'g howc(l,ver this sea):ch alsqduence identified a large family of human ESTs derived from a

identified several ESTs (expressed sequence tags; Adams et i('rtl)ew 9; tllssues and (ée" lines. Thus, NOC4, like COX4, appears
1991, 1995) derived from a different gene, named NOC4. Ther € widely expressed.

was sequence identity between the non-coding strand of the human

COX4 genomic region and one EST from a human retina library,COX4 and NOC4 expression varies concordantly in different tis-
which began approximately 250 bp upstream of the human COX4ues.To assess the relative abundance of COX4 transcripts com-
gene at nt 819 (Fig. 2) and extended for 350 bp to’ sfdice pared with those for NOC4, we probed a Northern blot of human
consensus (Ohshima and Gotoh 1987) at nt 472, consistent wittissues with a mixture of COX4 and NOC4 cDNAs. COX4 dis-
the presence of an intron in an expressed gene. On the basis played 4- to 12-fold higher mMRNA levels in each tissue than the
Southern hybridization under moderately stringent conditionsJevels of both NOC4 transcripts combined when the probes were
NOC4 is a single-copy gene in humans (N.J. Bachman, M.I. Locorrected to equal specific activities (Fig. 4B). Although the level
max, data not shown). of COX4 mRNA was always higher than that of NOC4, the rela-
tive levels varied in a concordant manner. Levels of COX4 and of
both NOC4 transcripts were highest in pancreas, showed moderate

cDNA was 1060 bp long with a 633-bp ORF (Fig. 3) encoding a:ﬁl\;erlzzlin hjg;t, placenta, and skeletal muscle, and were lowest in
210-amino acid protein (molecular mass 24 kDa=p5b.91). The 9- ’

predicted protein sequence contains a potential membrane-

spanning region (amino acids 52—78); comparison with a databasehe COX4/NOC4 intergenic region is a bidirectional promot-
of membrane-spanning proteins (Hofmann and Stoffel 1993) suger. The 5 ends of the human COX4 and NOC4 genes were
gests that the N-terminal region (1-51) lies outside this hypothetimapped by RNase protection (Figs. 2 and 5). Three protected
cal domain. A full-length 1025-bp NOC4 cDNA from mouse kid- bands of 157, 153 (major band), and 149 nt were identified for
ney (not shown) encodes a 207-amino acid protein (Fig. 3). Th&€OX4, and a single protected band of 151 nt was identified for
size of the predicted protein (23 kDa; gl 5.60) differs from the  NOC4 (Fig. 5). These results placed the major transcription start
human owing to a 9-bp deletion in thé Boding region of the site for COX4 at approximately 153 nt upstream of the exon 1/in-
mouse sequence. Database searching yielded no significant homaten 1 junction, and for NOC4 at about 74 nt upstream of the ATG
ogy of the derived NOC4 proteins to known proteins. start codon (Fig. 2, *). On the basis of these results, transcripts of

NOC4 encodes a novel 24-kDa proteifihe human retinal NOC4
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human gcgccatcaatcgccgecgectegteccgetteteggetgaggegecgegeggecaggeagegggtaecaggecteageecgegegeeceaggggectecggy 100
human gcccteecgggtcagcATGCCCGGGGTGAAACTGACCACCCAGGCCTACTGCAAGATGGTGCTGCACGGCGCCAAGTACCCGCACTGCGCCGTCAACGGG 200
human MetProGlyValLysLeuThrThrGlnAlaTyrCy sLysMetValLeuHisGlyAlaLysTyrProHisCysAlavalAsnGly 28
mouse o - R L R s T 28
human CTCCTGGTGGCCGAGAAGCAGAAGCCGCGTAAGGAGCACCTCCCCCTGGGCGGCCCCGGCGCCCACCACACCCTCTTCGTGGACTGCATCCCCCTCTTCC 300
human LeuLeuValAlaGluLysG1nLysProArgLysGluHisLeuProLeuGlyGlyProGlyAlaHisHisThrLeuPheValAsprsIleProLeuPheH 61
TMOUSE X ¥ * KX X% KA KKK A KKATGHAKALGH AR XXX K XXX XXX KXPLOFH*GlyAla* ko mmm oo F R T 58
human ACGGCACCCTGGCCCTCGCCCCCATGCTGGAGGTGGCTCTCACCCTGATTGATTCATGGTGCAAAGATCATAGCTACGTGATTGCTGGTTATTATCAAGC 400
human isGlyThrLeuAlaLeuAlaProMetLeuGluVa1A1aLeuThrLeuIleAspSerTrprsLysAspHisSerTerallleAlaGlyTeryrGlnAl 95
e D  hE R LR e e e R 92
human TAATGAGCGAGTAAAGGATGCCAGTCCAAACCAGGTTGCAGAGAAGGTGGCCTCCAGAATCGCCGAGGGCTTCAGCGACACTGCGCTCATCATGGTAGAC 500
human aAsnGluArgvalLysAspAlaSerProAsnGana1A1aG1uLysVa1AlaSerArgIleAlaGluGlyPheSerAspThrAlaLeuI1eMetValAsp 128
L L L e B S P 125
human AACACCAAGTTTACGATGGACTGCGTAGCGCCTACGATCCACGTGTACGAGCACCATGAGAACAGATGGCGGTGCAGAGACCCAC%CCQTGACTACTGTG 600
human AsnThrLysPheThrMetAspCysValAlaProThrIleHisValTyrGluHisHisGluAsnArgTrpArgCysArgAspProHisHisAspTyrCysG 161

MOUSE *XFALa* ¥ ***kkkkxkhhkkk kX Q] @ d** Xk A AR KKK AKX KA KA KR KK R GIQ I KA A HRH R AKX A IR I RX KA AKX R R KA X X xR 158

human AAGACTGGCCAGAGGCACAGAGGATCTCAGCCTCGCTCCTGGACAGCCGGTCCTACGAGACGCTCGTGGATTTCGATAACCACCTGGATGACATTCGGAA 700

human luAspTerroGluAlaGInArgIleSerAlaSerLeuLeuAspSerArgSerTyrGluThrLeuVa1AspPheAspAanisLeuAspAsleeArgAs 195
e L L L - 192
human TGACTGGACAAACCCAGAGATCAATAAAGCTGTCCTACACTTGTGCTAGgcaggcaccgctgtgactgggeteecgggecttteccactacgttgaagaag 800
human nAspTrpThrAsnProGlulleAsnLysAlaValLeuHisLeuCys--- 210
MOUSE IHX*** kAR KKKk N K KR KKK AR HALXAK KKK R KKK R XK KRR 207
human aaaacctatttttaaatgtaaataaaatatctggtagcctgtgtggaaagetgaccgttttaagaagtggcatgtgecttgaaagggggcagaatgttea 900

human gtcggtcgtgtttttaacacagagtctctagaagaggtgcagacatcccgrctgactgtccctgtggactctctcagttgtatgttgctataatcctcca 1000

human aatcaaagctctttctgcttgtgcaagattgttcctattaaacagttttaactaaccttt 1060

Fig. 3. Sequence of the NOC4 cDNA and theoretical protein. The DNA (I.M.A.G.E. clonelD 656449; GenBank AF052621) are shown below the
sequence of the 1060-bp adult human retina cDNA (1.M.A.G.E clonelD human protein sequence, with conserved residues indicated by an asterisk
219691) is presented. The derived amino acid sequence for the humap) and a short deletion indicated by dashes (+)asgd 3 UTR sequences
retina is shown below the nucleotide sequence in the three-letter codare shown in lower case. Poly(A) tails have been removed from the end of
Differences in the derived amino acid sequence for mouse kidney NOC4he cDNA sequence.

A. M13mpl8 COX4 NOC4
M A CGT HC HC
kb PaKMLiLuPIBH
500 nt> - ™
22> = ® = |NOC4 400n> @ er3
e
- '
-0 -0 0 30n> @8
B e
200n> & :
kb PaKMLiLuPIBH
22> - - . |Nocs
1.4> - - 0w ‘:

<
0.7> - * | cox4 '<

Fig. 4. Northern blot analysis of COX4 and NOC4 transcripts in human
tissues. Tissue abbreviations are: Pa, pancreas; K, kidney; M, skeleti
muscle; Li, liver; Lu, lung; PI, placenta; B, brain; H, heart. Sizes of NOC4
transcripts were interpolated from RNA size markers (Clonteah}y-
bridization to the human retinal NOC4 cDNA. The 2.2- and 1.4-kb tran- _ .
scripts are indicatedd. Hybridization to both human retinal NOC4 and Fig: 5 Mapplngzthe 5 ends of COX4 and NOC4 genes by RNase pro-
liver COX4 cDNAs. The two largest transcripts correspond to the 2.2- and€ction analysis’’P-labeled antisense RNA probes (8 ¥ tpm of COX4

1.4-kb transcripts of NOC4; the 0.7-kb transcript (Zeviani et al. 1087) isO 1 x 16 cpm of NOC4) overlapping the’&nds of each gene (see Fig.
from COX4. 1D) were prepared as described in Materials and methods and annealed to

30 g HeLa RNA (H) or 10ng control yeast RNA (C), digested with
RNases A + T1 and fractionated on a 6% acrylamide-tfea sequencing
the two genes do not overlap. Each gene is transcribed from gel- '_I'he antisense transcript for COX4 was 706 nt and for NOC4 was 4_25
separate strand of DNA and in the opposite orientation. They likely™ (i'g' 1). Lanes 1 and 2, COX4 probe; lanes 3 and 4, NOC4 probe. Size
share promoter elements owing to the proximity of their transcrip-ggrr]tjrrs‘ A C, G, T, dideoxy sequencing reactions of M13mp18; M, RNA
. . L y Markers (Ambion).
tion start sites (within 240 bp).

The B flanking region of the human COX4 gene, like the
analogous region in the previously characterized mammaliarserved (Fig. 6). All mammalian COX4 promoters contain direct
COX4 genes, is G + C rich (72% G + C in the COX4/NOC4 in- repeats with binding sites for NRF-2/GABP (Fig. 6). Two sites for
tergenic region, nt 819-1066), lacks TATA and CCAAT consen-NRF-2 are located within two 14-bp direct repeats at —=74 to —-61
sus elements, and contains multiple putative binding sites for thend —48 to —35 upstream of the start site for transcription in the
etsdomain transcription factor NRF-2/GABP (Karim et al. 1990; human gene. Human and bovine (Bachman 1995) COX4 promot-
Virbasius and Scarpulla 1991; Carter et al. 1992) and Spl (Kaers contain longer direct repeats (14 and 13 bp, respectively) than
donaga et al. 1986; Fig. 2), but not NRF-1 (Evans and Scarpullalo rat (Virbasius and Scarpulla 1991) and mouse (Carter et al.
1991). 1992) promoters (11 and 9 bp). Functional analysis of rat and

Despite strong intragenic similarity among coding regions ofmouse COX4 genes has shown that the NRF-2 sites in the direct
mammalian COX4 and NOC4 genes, the sequence df2bé bp  repeats are essential for maximal expression. A single consensus
region separating the genes has evolved significantly. NevertheATF/CREB site (Montminy et al. 1986) was located in intron 1 of
less, a few short sequence elements have been evolutionarily cotihe human COX4 gene. Consensus ATF/CREB binding sites are

100 nt>
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NOC4 COX4 COX4
exont exon1 intront exon2

I
human——OH oF 2 —

| Fig. 6. Schematic diagram of mammalian COX4
bovine— o Moy —2 O — promoters. The region surrounding theemds of
the COX4 and NOC4 genes from human, bovine,
rat, and mouse are displayed. The NOC4 and
rat————00 —@ A — COX4 transcription units proceed to the left and
right, respectively. Boxed regions indicate exons
of each gene. Small triangles indicate direct

% 7\
mouse — < Z repeats containing binding sites for NRF-2/GABP.
Filled boxes (1) in bovine and human genes
NRF-2J indicate a conserved 15-bp element. Binding sites
i.‘r’;g fe>] for Sp1l (stippled circles) and ATF/CREB (hatched
0.1 kb circles) are indicated.

also found in intron 1 of bovine (Bachman 1995) and rodent (Go-whether some of its controlling elements extend to within the
palakrishnan and Scarpulla 1994) COX4 genes (Fig. 6). In addiCOX4 gene itself.
tion, a 15-bp element (TTTTACGACGTTCGC) identified from Several other examples of bidirectional promoters are known
the alignment of the human and bovine COX4 promoters is prein higher eukaryotes (Farnham et al. 1985; Lavia et al. 1987; Rizzo
cisely conserved just downstream of the direct repeats (Fig. 6; nét al. 1990; Huang et al. 1990; Heikkila et al. 1993; Sun and
993-1007 in the human sequence). Kitchingman 1994; Gaston and Fried 1994). Many of these ex-
amples are found in CpG islands adjacent to “housekeeping” genes
Subcellular localization of NOC4 proteirGFP fluorescence was and lack consensus TATA elements. A number of the bidirectional

observed in cells transfected with a NOC4-GFP fusion construcPromoters in higher eukaryotes belong to coordinately regulated
(Fig. 7, left panel, upper), whereas no signal is seen in the nonde€nes for related gene products, such as those for human Wilms
transfected cells visible in the same panel (lower). Both transfecteédmor 1 and 2 (Huang et al. 1990), humah (IV) and o2 (1V)
and nontransfected cells showed mitochondrial and nuclear stairfollagen (Heikkila et al. 1993), mouse Surf-3 (Rpl17a) and Surf-5
ing (Fig. 7, center panel). The NOC4-GFP signal (Fig. 7, right(Colombo et al. 1992), mouse and human Surf-1 and Surf-2 (Gas-
panel) is concentrated in the nucleus and in the cytosol; the latton and Fried 1994), human histidyl-tRNA synthetase and HO3
includes mitochondria, as shown by the co-occurrence of blue anfP’Hanlon et al. 1995), and mitochondrial chaperonins 10 and 60
green (as sky blue) in the nucleus and the co-occurrence of red ar{Byan et al. 1997).
green (as yellow and orange) in the mitochondria. In addition, the Many genes that share bidirectional promoters encode proteins
NOC4-GFP signal is present in the non-mitochondrial cytoplasmof related function. Consequently, we determined whether NOC4,
like COX4, encodes a mitochondrial protein. We found that NOC4
) ) occurs in the nucleus, cytosol, and mitochondria (Fig. 7). Ex-
Discussion amples of proteins encoded by one gene that target to more than
one cellular compartment are known and have been termed sorting
COX4 in humans is adjacent to and probably shares a promotdsozymes (Gillman et al. 1991; Martin and Hopper 1994). CCAl in
with an expressed gene termed NOC4. These genes are al§accharomyces cerevisigepresent in mitochondria, the nucleus,
closely linked in the cow, mouse, and rat. The human and bovin@nd the cytoplasm (Wolfe et al. 1994, 1996). Although involved in
genes show 93% DNA sequence identity in the 181-bp regiortRNA processing, the nuclear and cytoplasmic pools serve differ-
corresponding to exon 1 of NOC4 and are also similar for anent cellular functions. Another example is the yesl€2D5 gene,
additional 100 nt upstream of the ORF. This 100-nt region is littlewhich is also involved in tRNA processing (Boguta et al. 1994;
conserved in a comparison of the rodent genes with either th&oladek et al. 1995).
human or bovine gene. NOC4 genes in all the species examined The signals that mediate the targeting of sorting isozymes to
appear to be expressed. We identified several mouse ESTs witharious compartments have been elucidated in several cases. In the
high sequence identity to human NOCA4, including one from ancase ofMODS5, two translation initiation sites are present (at aa 1
uninduced rat PC-12 cell line (GenBank H31096; Lee et al. 1995)and 12); peptides starting at aa 1 target to mitochondria and cyto-
The fact that NOC4 and COX4 are both highly expressed insol, whereas those starting at aa 12 target to nuclei and cytosol.
pancreas, are expressed at moderate levels in heart, skelefdhe region between 1 and 12, although having some features of
muscle, and human placenta, and are found at low levels in livemitochondrial targeting presequences, is not sufficient to direct a
suggests that the regulation of these two genes is related. Previopassenger protein to mitochondria without additional residues.
studies of COX4 gene expression in rat (Virbasius and Scarpull&uclear targeting of MOD5 requires a bipartite nuclear localiza-
1991) and mouse (Carter et al. 1992; Carter and Avadhani 1994)on signal (NLS) located near the C-terminus (Tolerico et al.
did not take into account the existence of a second functional gen£999). NOC4 shows several parallels to MOD5: it contains two
in close proximity to COX4. Deletion analysis of the mouse COX4 potential translation initiation sites, at aa 1 and 14, and the region
promoter indicates that removal of an element between —600 andetween 1 and 14 contains features of a mitochondrial targeting
—-142 increases COX4 expression twofold (Carter et al. 1992). Thigpresequence.
result is consistent with removal of a divergently transcribed gene  Most nuclear-encoded, mitochondrially targeted proteins, in-
that competes with COX4 for regulatory factors and/or transcrip-cluding COX 1V, contain amino-terminal targeting sequences that
tion machinery. Deletion analysis of the rat COX4 promoter (Vir- form amphiphilic a-helices (von Heijne 1986). These targeting
basius and Scarpulla 1991) showed that a small region (116 bp) afequences have basic amino acids on one face and hydrophobic
the COX4 gene containing tandem NRF-2 binding sites was sufresidues on the other. NOC4 shares some key features of mito-
ficient to drive CAT expression from a basal promoter. It will be chondrial proteins, notably a predicted amphiphilic helix for amino
interesting to examine whether expression of the divergently tranacids 6—23 containing five basic residues (Lys and His) and no
scribed NOC4 gene is similarly controlled by a small region oracidic residues. However, other properties of established mito-
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Fig. 7. Fluorescence microscopy of the NOC4-GFP fusion protein. HeLaan untransfected (lower) ceCenter panel: Green and blue channel¥he

cells transfected with NOC4-GFP in pcDNA3 were observed for GFPtransfected cell nucleus is light blue and the cytoplasm green, showing
fluorescence and also stained to visualize nuclei and mitochoridsfa. NOC4-GFP is present in both the nucleus and the cytdgight panel.
panel: Red and blue channelfNluclei (DAPI; blue) and mitochondria Red, blue, greenThe yellow and orange present in the transformed cell
(MitoTracker; red) are visible in a field showing a transfected (upper) andcytoplasm indicate that NOC4-GFP is co-occurring with mitochondria.

chondrial import signals match weakly, mostly owing to low pre- Arnold S, Kadenbach B (1997) Cell respiration is controlled by ATP, an
dicted values for hydrophobicity (0.11 vs. 4.5 or greater for most allosteric inhibitor of cytochrome-oxidase. Eur J Biochem 249, 350
mitochondrial precursors), pl (9.75 vs. 12.78 for typical mitochon- 354 . _

drially targeted proteins), and hydrophobic moment (0.27 vs. 5.g\usubel FM, Brent R, Kingston RE, Moore DD, Seidman JG et al. (1990)
or greater for most mitochondrial precursors). A similar case of EScherichia Colt, Plasmids and Bacteriorphag{lrent Protocols in
weakly matching properties of mitochondrial import signals is Molecular Biology,(New York: John Wiley and Sons) pp. 1.9.1-1.13.7

o : : Bachman NJ (1995) Isolation and characterization of the functional gene
seen for MODS (pl= 10.28; Boguta et al. 1994). Their results ™o, ing bovine cytochromeoxidase subunit IV. Gene 162, 313-318

suggest that one mechanism utilized by a targeting isoform tqoq,ta M, Hunter LA, Shen WC, Gillman EC, Martin NC et al. (1994)

distribute to several compartments is to have suboptimal localiza- Sypcellular locations of MODS5 proteins—mapping of sequences suffi-

tion signals for any one compartment. cient for targeting to mitochondria and demonstration that mitochondrial
Although the function of COX IV is not known, there is evi-  and nuclear isoforms commingle in the cytosol. Mol Cell Biol 14, 2298—

dence that adenine nucleotides bind to COX IV and play a central 2306

role in regulation of COX activity (Arnold and Kadenbach 1997; Capaldi RA (1990) Structure and function of cytochrocexidase. Annu

Napiwotzki et al. 1997). We have here shown that a gene appar- Rev Biochem 59, 569-596 , o

ently co-regulated with COX4 is present in both the nucleus and-arer RS, Avadhani NG (1991) Cloning and characterization of the mouse

the cytosol, including mitochondria. Such a protein could serve a CYtochromec oxidase subunit IV gene. Arch Biochem Biophys 288,

. . . 97-106
regulatory role via nucleus-mitochondria cross-talk. Carter RS, Avadhani NG (1994) Cooperative binding of GA-binding pro-
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