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ABSTRACT

Molybdoenzymes are ubiquitous and require a pros-
thetic group called the molybdenum cofactor for
activity. We provide evidence here that the two
heteromeric subunits (MOCO1-A and MOCO1-B) of
human molybdopterin synthase, which is involved in
the conversion of precursor Z to molybdopterin in the
molybdenum cofactor biosynthetic pathway, are spe-
cified by a single bicistronic mMRNA with overlapping
reading frames. The transcriptis in low abundance and
shows variable tissue distribution. We propose that
leaky scanning of the first translational initiation
codon for MOCOI1-A by 40S ribosomal subunits
occurs, allowing recognition of the AUG for the
downstream MOCO1-B reading frame. Such a genetic
arrangement may result in a constant ratio and close
proximity of lowly expressed enzyme subunits which
should, a priori, be especially advantageous for

DDBJ/EMBL/GenBank accession no. AF117815

Pleiotropic loss of human molybdoenzymes, including sulphite
oxidase and xanthine dehydrogenase, results in a severe clinical
disease for which no known therapy exists (8,9). We describe here
the molecular characteristics of the human locus encoding the
small and large subunit of molybdopterin synthase which is
involved in the conversion of precursor Z to molybdopterin
(Fig. 1), and its unusual genetic organisation. The results of these
studies should aid further investigation of the genetic basis of
molybdenum cofactor deficiency in humans.

MATERIALS AND METHODS
cDNA clones and DNA sequencing

Following identification of human sequences in the Expressed
Sequence Tag Database by deduced amino acid sequence
comparison withA.nidulansCnxH using tBlastn (10), cDNA
clones (ATCC 960768 from adult uterus and ATCC 331184 from
fetal liver and spleen) were purchased from ATCC. The DNA

assembly in complex mammalian cells. The MOCO1

. sequence of clones was determined in both strands by automated
locus resides on human chromosome 5.

DNA sequencing using an ABI 373 A fluorescent sequencing
apparatus and a PRISM Ready Reaction DyeDeoxy Terminator
INTRODUCTION Cycle Sequencing Kit (Applied Biosystems). Sequences were

Molybdoenzymes play essential roles in the carbon, sulphur aggsembled using Sequencher (Gene Codes Corp.). Neither clone

nitrogen cycles in most organisms. In humans, sulphite oxida&k full-length, ATCC 331184 lacking 373 Hucleotides and

is required for the breakdown of sulphur amino acids, methionirf®l CC 960768 lacking 12 nt from the-énd.

and cysteine (1). In the fungdsspergillus nidulansa model

eukaryote, another molybdoenzyme nitrate reductase is requirggythern blot and PCR analysis

for the important ecological process of nitrate assimilation (reviewed

in 2). Additionally, a few molybdoenzymes exist in both eukaryotidtduman genomic DNA was isolated from peripheral blood

groups, including xanthine dehydrogenase which is important in theukocytes using a Nucleon BACC2 Kit (Amersham) following

catabolic process of purine breakdown to uric &8jd). the manufacturer’s instructions. A Southern blot prepared with
The molybdenum cofactor, a prosthetic group which consistestriction endonuclease-digested DNA was probed at high

of a novel pterin called molybdopterin linked by its 6-alkylstringency (11) using a 520 bjrd—EcdRV fragment of clone

sidechain to a dithiolene group which coordinates molybdenumTCC 331184. To show the absence of introns in the region of

is required for the catalytic activity of these enzymes. Its chemicalerlap of the ORFs, PCR amplification of 100 EcpRI- or

structure and its likely biosynthetic pathway was proposed bganHI-digested genomic DNA was carried out using [0\

Rajagopalan (reviewed in 5). Little information is available on th@rimers D1 (5ACTCGACATCCTGGATTGGC-3 and gene-

molecular biology of the biosynthesis of this cofactor inspecific primer GSP1 (BFGCACCACAGAGCGGAG-3),

eukaryotes, although its presence has beepmigrated indirectly 1.5 mM MgCh, 0.1 mM dNTPs and 2.5 Uaqg polymerase

in a variety of biological material such as cow milk, rabbit and fom{Boehringer Mannheim) for 30 cycles of'®lfor 30 s, 55C for

liver andA.nidulans(6,7). 20 s, 72C for 30 s.

*To whom correspondence should be addressed. Tel: +61 3 9905 4323; Fax: +61 3 9905 4811; Email: shiela.unkles@med.monash.edu.au



Nucleic Acids Research, 1999, Vol. 27, No. 3 855

Precursor Z o of 5ug MOCO1cDNA clone ATCC 960768 with fig pHELP,
L . a plasmid which promotes autonomous replication, greatly
N/ﬁi = \P(fo enhances transformation frequenciesAimidulans (12) and
HZN/LN/ o b possesses gratuitous promoter actifty). Putsive transform-
H ants were purified by subculture on selective medium without
SULPHUR Molybdopterin osmotic stabiliser. Mycelia were grown in liquid cultures for
Synthese 16-18 h at 25C, harvested by filtration and genomic DNA
’;"Agccgi'g prepared using a Nucleon BACC2 Kit (Amersham) following
b grinding of the mycelium in liquid nitrogen. DNA from human
Molybdopterin - blood was obtained using the same kit and following the
oo ~ manufacturer’s instructions. Southern blotting and hybridisation
HN/I | . were as described (11) using as probe the same PCR fragment a
HZNJ\q o O\I}{P that described above for northern hybridisation.
H
(8]
RESULTS

Figure 1. The conversion of precursor Z to molybdopterin during the Sequence and organisation dfI0OCO1

biosynthesis of the molybdenum cofactor required for molybdoenzymes. The ]
small and large subunits in humans, MOCO1-A and MOCO1-B, respectively,A full-length human cDNA (designatédOCOJ) was sequenced,

together form molybdopterin synthase which adds sulphur to precursor Z.  \which contains open reading frames for two proteins, MOCO1-A
and MOCO1-B (Fig. 2A) with high amino acid similarity to the

. small and large subunits, respectively, of the enzyme molybdop-
Norther analysis and 5-RACE terin synthase (below). Thé-&nd of the transcript was deter-
Human adult northern blots were purchased from Clontecijined by RACE following first strand cDNA synthesis at either
hybridised at high stringency as previously described (11) a2 or 60C, the latter to reduce possible mRNA secondary
washed with £ SSC at 63C. The probe was synthesised by PCRstructure effects. DNA sequence determination of PCR products
using ATCC 960768 as template and primers 7338(CAA-  Yielded the same end sequence regardless of the first strand
GAATTCGGCACGAGG-3) and 7350 (SAAACAGAATTC-  synthesis conditions or the primer sets used (S.E.Unkles,
ATTAACTGTTGGATG-3) to give an 800 bp fragment unpublished results). Twenty-eight nucleotides from the tran-
encompassing only the coding regions MDCO1-A and  script 3-end (Fig. 2B) lies the open reading frame (on ORF 1) for
MOCO1-B Autoradiographic exposure times at 2Z0were the inferred MOCO1-A protein. Overlapping this by 80 nt (on
72 h forMOCO1with Kodak Biomax MS film and 2 h for actin ORF 2) is the coding sequence for the larger subunit of
with Fuji RX film. mRNA from adult heart was purchased frommolybdopterin synthase. Verification that the original clone was
Clontech and the’#nd of theMOCO-1 transcript determined not the result of reverse transcriptase error or another cloning
using a 5SRACE System for Rapid Amplification of cDNA Ends artefact resulting in a change in the reading frame was obtained
v.2.0 (Life Technologies) and GSP1 with the Abridged Anchoby comparison with the sequences of further independent cDNA
Primer (AAP) for the first round PCR and nested primer GSP@lones (S.E.Unkles, unpublished data). In addition, the pattern of
(5-TCTCCAGGCTGAAGCACGAGG-3 or GSP3 (5CTCT-  Southern hybridisation at high stringency to human genomic
GAACGAACTCCTG-3) with the Abridged Universal Ampli- DNA digested with several restriction endonucleases with a
fication Primer (AUAP) for second round PCR. Conditions foprobe spanning the two ORFs is indicative of a single gene
first round PCR were 30 cycles of denaturation for 30 sat94 (S.E.Unkles, unpublished data), the location of which has been
annealing for 20 s at 3€ and elongation for 1 min at 72. For  mapped by UniGene cluster analysis to chromosome 5, interval
second round PCR with GSP2 and AUAP, conditions wer®55S628-D5S47414). Finally, PCR analysis of human genomic
30 cycles of denaturation for 30 s af @4 annealing for 20 s at DNA (S.E.Unkles, unpublished data) demonstrates the absence
65°C and elongation for 1 min at 72, and with GSP3 and of introns between nt 154 and 324 (Fig. 2B), making unlikely any
AUAP were 30 cycles of denaturation for 30 s &®4annealing mechanism involving intron splicing in the formation of this
for 20 s at 52C and elongation for 1 min at 2. Reaction transcript.
mixtures followed recommendations by Life Technologies. The
procedure was repeated using thermostable reverse transcripfagstein sequence comparison of MOCO1-A and
(C. therm. Polymerase; Roche) to allow first strand cDNAVOCO1-B with CnxG and CnxH
synthesis at 60C using GSP2. For first round PCR, GSP2 and i .
AAP were used with GSP3 and AUAP for second round PCR.he MOCO1-A protein, of molecular size 9.7 kDa, shows
Fragments of 260 and 100 bp obtained with GSP2 and AUAPconsiderable similarity with lower eukaryo#icnidulansCnxG

and GSP3 and AUAP, respectively, were gel purified and théize 9.6 kDa; S.E.Unkles, unpublished data). Overall the
products sequenced as above from primers GSP2 or GSP3. deduced MOCO1-A and CnxG proteins have 35% identical
residues (Fig. 3A) and similarity of 64%. The second open

reading frame encodes the 20.9 kDa MOCOQ1-B protein which
shows an overall identity of 31% (Fig. 3B) and 55% similarity
The transformation procedure was essentially that describedth the corresponding fungal CnxH protein (size 21.6 kDa;
previously(12) with seletion for transformants on osmotically S. E. Unkles, unpublished data). Amidulans the cnxG and
stabilised minimal medium containing 10 mM sodium nitrate asnxHgenes encoding the two subunits are genetically unlinked to
the sole source of nitrogen. The transforming DNA was a mixtureach other (2). Essential amino acid residues (boxed in Fig. 3) in

Fungal transformation and analysis
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A
ATG ATG TAG TAA
| | | AAAAAAAAAAAAAAAAAAA
MOCOI-A MOCO1-B
protein protein 500 nucleotides
B

1 TGATTCGGTCCCGCTGTCCTAGGCGGGATGGTGCCGCTGTGCCAGGTTGAAGTATTGTATTTTGCAAAAAGTGCTGAAATAACAGGAGTT
MV PLCQVEVLYV FAZKSA AETITGUV 21

91 CGTTCAGAGACCATTTCTGTGCCTCAAGAAATAAAAGCGTTGCAGCTGTGGAAGGAGATAGAAACTCGACATCCTCGATTGGCTGATGTT
R S ETTI SV ?PQEI KA AL QILWIZE XKETLIET RUHZPGTLA AT DYV 51

181 AGAAATCAGATAATATTTGCTGTTCGTCAAGAATATGTCGAGCTTGGAGATCAGCTCCTCGTGCTTCAGCCTGGAGACGAAATTGCCGTT
R NQI I F AV RQEYVELGDUGQILILVULSGQPGDTETIATUV 81
M s s L EI $ S S CVF SLETZ KTLTUZPTL 19

271 ATCCCCCCCATTAGTGGAGGATAGTGCTTTTGAGCCATCTAGGAAAGATATGGATGAAGTTGAAGAGAAATCTAAAGATGTTATAAACTT
I PP I S G G * 88

S PP LYV EDSATFEUPS SR RIEKUDMDETVETEIZ KSZ KDV VTINTF 49

361 TACTGCCGAGAAACTTTCAGTAGATGAAGTCTCACAGTTGGTGATTTCTCCGCTCTGTGGTGCAATATCCCTATTTGTAGGGACTACAAG

T A EKL SVDEVSQLVISZPLTCGATISZSTLT FUVGTTTZ R 79

451 AAATAACTTTGAAGGGAAAAAAGTCATTAGCTTAGAATATGAAGCATATCTACCCATGGCGGAAAATGAAGTCAGAAAGATTTGTAGTGA

N NF EG XK KV I SLEYEAYLVPMAENTEVT VT RIEKTITGCSD 109

541 CATTAGGCAGAAATGGCCAGTCAAACACATAGCAGTGTTCCATAGACTTGGCTTGGTTCCAGTGTCAGAAGCAAGCATAATCATTGCTGT

I RQKWUPVKHTIAVFHRLGLVZPVSEHA ASTITITIA AV 139
631 GTCCTCAGCCCACAGAGCTGCATCTCTTGAAGCTGTGAGCTATGCCATTGATACTTTAAAAGCCAAGGTGCCCATATGGAAAAAGGAAAT

S S AHRAASTLEA AV SYATIDTTULI KA AT KV YVZPTIWIEKTE KTETI 179

721 ATACGAAGAGTCATCAACTTGGAAAGGAAACAAAGAGTGCTTTTGGGCATCCAACAGTTAATCACTTATGTTTTTAGAGCATGCAATCTT

Y EE S S TWIZXGDNI KETGCTFWASNS * 188

811 AACTTTGTTAAACTATTATTATTGATCACATTTTGATTTTTTTCTCTCCACATCAGGATAGTTTACTGAAGCACAATCTCTTATACTAGT

901 GGGACAAAAGGGAGAAAAAGGAAGCAAGATAAATGGGTATGTAGGATGAAGGGTTATTTAAAATGGAACTAAAGATAGAAGGAGGACTGT

991 AGGAAGAAATGGAATAATTTAAATGTGAGGAAAGATATCTGTGGTAGACATGTCCTTCCATGACTAATTTCTAATTGTAACTCAACACAC
1081 ATTGAGGTATGGGCCCTCCTCAGTGACTTTAACTAGCTCAGAAACGTACTCCCCCACCAACCCCACCTCACCGCCCCCTATCCCGGTTCT
1171 GGGAGAGCATTGTTATTAAGGATGCATGACAGGAATGTTGGCAGAACTGGAAAGTATTAAAAAAGCATTATCAGACAGTCTTGATATTAT
1261 ACATTTTCAGAAATATATTAAAAATAATAAACTAAAACCCATGATTTCAAAAGTTAAAAAAAAAAAAAAAAAAAL

Figure 2. The genetic organisation of tMOCO1transcript A). The relative positions of the ORFs for MOCO1-A and MOCO1-B proteins with the translational
start and stop codons are shown. DNA sequence and deduced amino acid sequences of ORFs 1 and 2 for MOCO1-A and MOG®@lyRBjedpenbers to
the left refer to nucleotides and those on the right to amino acid residues.

the fungal proteins have been determined by mutational analysigrogen source. Selection for transformants can be, therefore,

and these are also present in the human counterparts. conveniently achieved by the restoration of growth on nitrate as
a nitrogen source icnxHmutants. The results in Figure 4a show

Complementation of mutants of the lower eukaryote phenotypic complementation afnxH3 by humanMOCO1

A.nidulans following selection on nitrate. Confirmation that these were bona

fide MOCOZXtransformedcnxH strains was carried out by

. . . . |
Inspection of nucleotides in the neighbourhood of the p,mpos%%uthern blot (Fig. 4b) whereMOCO*hybridising fragment was
translational initiation for humalOCO1-Areveals an optimal  geen in DNA isolated from transformants (lanes 1-6) but not in
translational context of GGAUGGU with G at position =3 and pnA from the wild-typeA.nidulans(lane 7).

G at position +4. This strong context would be expected to
prevent leaky scanning by the ribosomes and therefore initati
of MOCO1-B(15-17). To test if the downstream ORFaating
MOCO1-B is translated and functional, i.e. that leaky scanninghe size and tissue distributionMOCO1mRNA was analysed
takes place, humailOCO1lwas transformed into a mutant strain, by northern hybridisation (Fig. 5). TMOCO1probe, spanning
cnxH3 of the fungusA.nidulans The A.nidulans cnxHgene the two open reading frames for proteins MOCO1-A and
encodes the large subunit of the molybdopterin synthase and MM ©CO1-B, reveals a single transcript of approximately the
cnxH3mutant lacks the ability to make the molybdenum cofactoexpected size of 1.35 kb which can be detected at varying levels
required for activity of the enzyme nitrate reductase, loss of whidh mRNA from all tissues sampled. The transcript is present in
results in the inability of the organism to grow on nitrate as a sofgeatest abundance in heart and skeletal muscle, at lower levels

%(pression ofMOCO1in human tissue
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A :
CnxG 1 M---STFQI ASTYTG] LPAPLPLS--SLFDTLEAKYPGIKEKVLSSCSISL E
MOCO1-A 1 MVPLCQ! SAET ISVPQETKALQUWKEIETRHPGLAD-VRNQI IFAV i
* ek *k * * * * * ok * =
u i 3
; 5 E ] =
CnxG 56 GDEYVDLVSDGEKSGNEGLLIQGGDEVAIIPPVS! 8 j - :"j - z g - | d
MOCOL-A 60 RQEYVELG---—--- DOLLVIQPGDEIAYIPPIS e 8 wygE2 28 E g2 g g2
oxn % [N AN 2E25:42EsEEEzs83 2
75— B
B 14— -
CnxH 1 MSARPEPQPGSERNATEPL--PSHLDPTTYPRTLTTTHGPTSIPLHLELTYHTLSPTTAL
MOCO1-B 1 MSSLEISSSCFSLETKLPLSPPLVEDSAFEPSRKDMDEVEEKSKDVINFTAEKLSVDEVS 24—
*x o ox oo * owx
|ts—”u “ . e MOCO
CnxH 59 QHVSSPSSGANILFIGIMTRDTFDDRPVARLSYTSYPALALKSLHKISSEAVEKFGLNGVY
MOCO1-B 61 QLVISPLCGAISL RNNFEGKKVSLEYEAYLPMAENEVRKICSDIRQKWPVKHIA
Xk KR KK xR RKRE K & K K k% [ N
CnxH 119 IAHRLGEVPVGEASIVVAVGAGHRGEAWRGAEWVLEVVKER
MOCO1-B 121 VFHRLGLVPVSEASIIIAVSSAHRAASLEAVSYAIDTLKAKVETI YEES-STWKGN =
EEEE AKX KREE Ak R % xk % o ,
2.4— “.w actin
CnxH 179 RERDGFGKLKTKKEDSR
MOCO1-B 170 KE--CFWASNS------ o
[
Figure 3. Amino acid comparisons of MOCO1-A with fungal Cnx&) @nd Figure 5. Transcript size and tissue expressionM®CO1 Human adult

MOCO1-B with fungal CnxH B). Numbers to the left indicate amino acid ~ Multiple tissue northern blots containingig poly(A)* mRNA in each lane

residues and * below indicates identical residues. Alignments were obtainedwere hybridised at high stringency using an 80&’Bglabelled PCR fragment

using ClustalW. Known essential amino acid residues are boxed. which spans both ORFs as probe. The size of the transtii@#5(kb) is
indicated. HumanB-actin was used as a control for equality of RNA
concentration in each tissue.

12345878

b =231 superimposable) it is likely that this is due to non-specific
e hybridisation.
o6
—44 DISCUSSION
- With the exception of certain viruses and retrotransposon
ad :%_g elements, eukaryotic genes are generally transcribed to give a
. monocistronic mMRNA which specifies a single protein or isoform

variants thereof. Reports in eukaryotes of full-length proteins
being translated from a single cellular bicistronic MRNA are rare
(18,19) but it has been demonstrated that such tiptsscan
arise by differential exon splicin@l9). A sngle mammalian
transcript with tandem reading frames encoding two proteins
known to function in dentin mineralisation has recently been
Figure 4. Functional expression of MOCO1-B) (Phenotypic complementation described (20). In thistdy, we show that the subunits of the
of the fungal A.nidulang cnxH3 mutant (defective in the large subunit of human enzyme molybdopterin synthase are also encoded as a
molybdopterin synthase) to restore activity of the fungal molybdoenzymesingle transcriptional unit but that the reading frames overlap by
s o Moo Th o ool olciomenowig i sl a0 Likewse, compatison of the human cDNA to_the
fr?o\%sﬁ‘ircr)ned V\%th theMOCOlfragment together with tﬁe fungal repli(?ating Ex_preSSEd _Sequence Tag Database shows .that t_hIS arran_gemen
plasmid pHELP. No transformants were observed in the abseM@@D1 exists also in the mouse and rat, and most likely in the fruit fly,
(b) Southern blot oEcaRI-digested DNA from fungal nitrate-utilisirgnxH3 such conservation between species strongly suggesting that the
tri)nbsgorgir;ts?(?griz i;?icmltgni (I:Dr]':l(ﬁ;rg?\ln;eg; f;%%g&gﬁae ﬁ:r:fe]es bicistronic arrangement is not an artefact and that probably both
(F:)ontains human DNA provided by one of the authorg (S.E.UnMe&xL.O1lis .pro.tems are synthesisad VIVO. In addition, PCR analysis
present in low copy number in human DNA, at least under the high stringenc;}nd|_cates that at the genomic DNA level thQ r'eadln'g frames _are
conditions employed. similarly overlapping and, therefore, the bicistronic transcript
does not arise from differential splicing. By contrast, in the lower
eukaryoteA.nidulans the molybdopterin synthase subunits are
in brain, kidney and pancreas and is barely detectable in lung agaicoded by unlinked gené®) transcribed to give independent
peripheral blood leukocytes. This may reflect the distribution anRNAs (S.E.Unkles, unpublished data).
molybdoenzymes within tissues. It is noteworthy thaM@CO1 The strong initiation context of the first AUG for the small
transcript requires a substantially longer autoradiogragpmseire  molybdopterin synthase subunit would at first appear to preclude the
than the controB-actin suggestive of a low abundance mRNA.possibility of expression of the large subunit protein on a different
A faintly hybridising band of#4 kb was also observed in somereading frame. However thé-Gntranslated region length of the
tissues with th#1OCO1probe, but as the actin probe hybridisedMOCO1transcript is very short, only 27 nt, and has the potential for
weakly to a band of the same size (i.e. the weak bands wdoemation of a small stem—loop structut®s(= —13.5 kcal/mol)
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between nt —13 and +2. A stem—loop in such close proximittandem reading frames, the growing incidence of bicistronic
(7 nt) to the 5end of the mRNA in combination with the short MRNAs has implications for the analysis of genome sequences in
untranslated region could interfere with the formation of arigher eukaryotes.

initiation complex (21). Therefore, even with aviaurable

initiation context, a proportion of the 40S ribosomal subunits mMaxCKNOWLEDGEMENT
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