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enzymes several members have been characterized,
We report the cloning of the human homologue of mainly on the basis of the conserved pentapeptide Zn-

the rat metalloprotease N-arginine dibasic convertase binding motif which is similar to that found in ther-
(NRD convertase). This endopeptidase is responsible molysin (consensus HEXXH) (Barrett, 1994; Rawlings
for the processing, at the Arg-Lys dibasic site on the and Barrett, 1993, 1995). Recently, a separate group
N-terminal side of the arginine residue, of propeptides of metalloendoproteases (belonging to the family M16-
and proproteins. Comparisons of the human and rat pitrilysin) that are structurally unrelated to thermoly-
full-length cDNAs show similarity and identity of 94 sin and show a proposed Zn-binding motif HXXEH has
and 91%, respectively. In humans NRD convertase is been identified (Rawlings and Barrett, 1995). Members
predominantly expressed in heart, skeletal muscle, of this group include human, rat, and Drosophila insu-
and testis. We have also studied the expression of this linase (IDE; EC 3.4.99.45) (Affholter et al., 1988; Bau-gene in mouse at various developmental stages and maister et al., 1993), Escherichia coli protease III (pitri-found that the neural tissue is the almost exclusive

lysin; EC 3.4.99.44) (Finch et al., 1986), and endopepti-site of expression in early development (between E
dases involved in the processing of mitochondrial10.5 and E 16.5). To gain information about the possi-
precursor proteins (Pfanner and Neupert, 1990; Meu-bility that defects in this gene are linked to inherited
lenberg et al., 1992; Kleiber et al., 1990). In addition,neuromuscular disorders, we determined the chromo-
within the M16-pitrilysin family, rat N-arginine diba-somal location of the human NRD convertase gene by
sic convertase (NRD convertase) was recently added asFISH analysis, showing that the gene resides at 1p32.2.
the single member of a new subfamily characterizedq 1998 Academic Press

by an Asp-Glu-rich segment inserted very close to the
catalytic site (Chesneau et al., 1994; Pierotti et al.,
1994). We present here the cloning and mapping of aINTRODUCTION
human cDNA encoding a sequence highly similar (93%)
to the rat N-arginine dibasic convertase (NRD), im-Processing of precursor molecules into biologically
plying that it is the human homologue of the rodentactive forms is a widespread mechanism in both lower
enzyme. The expression of the human mRNA in adultand higher organisms (Barrett, 1979). For secretory
tissues is highly restricted to the heart, skeletal mus-proteins in particular this conversion entails posttrans-
cle, and testes. In fetal tissues the NRD convertaselational modifications, such as limited proteolysis,
expression is predominant in the central nervous sys-brought about by presumed selective peptidases (Bar-
tem (CNS), placenta, and heart. We also show that inrett, 1979; Bond and Butler, 1987). According to the
mouse, the embryonic nervous system is the predomi-type of reaction catalyzed, these enzymes are known
nant site of expression of this mRNA at early stages ofas exopeptidases or endopeptidases (Barrett, 1994).
development.Knowledge of the structure of the active center of the

endopeptidases has allowed subdivision of them into
serine, cysteine, aspartic, and metalloendopeptidases MATERIALS AND METHODS
(Barrett, 1994). Within the latter class of processing

Preparation of cDNA and YAC DNA. cDNA was synthesized from
5 ug of poly(A)/ RNA purified from fetal heart using a cDNA synthe-1 To whom correspondence should be addressed at Dipartimento

di Genetica e di Biologia dei Microrganismi, Via Celoria 26, 20133 sis kit (Amersham). Double-stranded cDNA was digested with MboI
and ligated to a linker–adaptor oligonucleotide (5* GATCGAATT-Milan, Italy. Telephone: 39-2-26605225. Fax: 39-2-2664551. E-mail:

taramel@imiucca.csi.unimi.it. CACTCGAGCATCAGG 3 *, 3* CTTAAGTGAGCTCGTAGTCC 5*) as
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FIG. 1. (a) A partial metaphase counterstained with propidium iodide showing chromosome 1 with hybridization signals (arrow); (b)
the same after DAPI staining.

previously described (Morgan et al., 1992). Approximately 0.5 ng of a normal male were performed as described (Banfi et al., 1997). For
the screening of the slides only those chromosomes with two signalscDNA was PCR amplified using the relevant primer for the linker–

adaptor oligonucleotide. present on both chromatids at the same band position were taken
into consideration. The probe was considered mapped when the sameChromosome 21 YAC 761B5 was tested for chimerism by FISH

analysis and found to be nonchimeric. Pulsed-field gel purified YAC chromosome band showed signals in no less than 20% of 200 meta-
phase examined. The images were taken as seen under microscopy,genomic DNA was partially digested with MboI and ligated to a

linker–adaptor oligonucleotide (5* GATCTCGACGAATTCGTGAGA- without any computer elaboration.
CCA 3 *, 3 * AGCTGCTTAAGCACTCTGGT 5*). The linked genomic Preparation of RNA probes for in situ hybridization. The mouse
segments were PCR amplified using a 5* biotinylated primer whose 606-bp NRD convertase cDNA probe was obtained by screening a
sequences matched one of the linker–adaptor arms (Morgan et al., mouse skeletal muscle cDNA library with a human cDNA fragment
1992). The cDNA selection procedure was essentially as reported in spanning nucleotides 1590 to 2690. Alignment of both sequences
Morgan et al. (1992). revealed 90.5% identity. Transcription reactions with T7 or SP6 poly-

merase (Riboprobe Kit, Promega Biotech), were carried out in theFluorescence in situ hybridization. The human full-length NRD
convertase cDNA was biotinylated by nick-translation in the pres- presence of [35S]CTP (Amersham). The template was then degraded

with RNase-free DNase (Pharmacia), and the labeled RNA was puri-ence of biotin-14–dUTP using the nick-translation kit (Boehringer
Mannheim). FISH and the screening of lymphocyte metaphases from fied through a Sephadex G-50 column. The transcripts were progres-
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FIG. 2. Nucleotide and deduced amino acid sequences of the human NRD convertase. The two anchor motifs are underlined with broken
lines; the catalytic site is boxed; and the acidic stretch is underlined.

sively degraded to an average length of 150 nucleotides by random region (21q22.3), cDNA hybridization selection has
alkaline hydrolysis to improve access to RNA in situ. The probes been applied to YAC 761B5 (CEPH; 950 kb), known to
were dissolved at a working concentration of 1 1 105 cpm/ml in hy-

be located in the above genomic region (Chumakov etbridization mix (Wilkinson and Green, 1990).
al., 1992). As a cDNA source fetal myocardium andIn situ hybridization. In situ hybridization was carried out as
endocardium tissues were used. Following identifica-described by Wilkinson and Green (1990) with minor modifications.

Thirty microliters of the appropriate probe in the hybridization mix tion of a 250-bp fragment hybridizing to the YAC re-
was added to each slide. Hybridization was carried out overnight at combinant, three overlapping clones constituting a full-
557C. The slides were then washed under stringent conditions (657C, length cDNA were obtained and characterized. Using21 SSC, 50% formamide) and treated with RNase to remove unhy-

the full-length cDNA, however, Southern blot analysisbridized and nonspecifically bound probe. Autoradiography was per-
formed with Kodak NT/B2 emulsion. Exposure times were between of a panel of human rodent hybrids (not shown) and
5 and 12 days. After developing, sections were stained in 0.02% tolu- more directly FISH analysis (Fig. 1) revealed that the
idine blue and mounted in De Pex (Serva). Sections were examined gene encoding this cDNA resides on chromosome
and photographed using a Zeiss SV11 microscope with both dark-

1p32.2. Under the FISH hybridization conditionsand bright-field illumination.
(377C, 50% formamide/21 SSC), the absence of other

RESULTS clusters of signals along the chromosomes excluded the
presence of homologous loci. Figure 2 shows the com-In the course of a project aimed at cloning genes

expressed in fetal heart that map to the Down critical bined sequence of the three overlapping clones, which
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FIG. 2—Continued

yielded a cDNA of 3604 bp (Accession No. U64898), in HXXEH as derived from other zinc-metalloendopepti-
dases. As can be seen from Fig. 2, the Zn binding motifgood agreement with the size of the mRNA as detected

by Northern analysis (see below). The cDNA encodes present in the human sequence (aa 244–248) is per-
fectly conserved, whereas the acidic stretch is short-an open reading frame of 1147 amino acids plus 97 and

40 nucleotides of 5* and 3 * untranslated sequences, ened by 13 residues. Moreover, the two short anchors
that flank the acidic stretch are also conserved betweenrespectively. Two overlapping polyadenylation sites

(AATAAA) are located 8 and 13 nucleotides down- the two species, with only two nonconservative substi-
tutions in the human enzyme: Thr-Ala at position 140stream from the stop codon. Database searches showed

that the human cDNA sequences are 91% identical to and Ala-Val at position 199 in the upstream and down-
stream anchor motifs, respectively. Furthermore, a pu-the rat NRD convertase cDNA. Alignment of amino

acid sequences of the human cDNA with rat NRD con- tative 19- to 21-residue signal peptide is present in the
human as well as in the rat NDR convertase. Addition-vertase (data not shown) revealed a striking identity

(91.6%) of the two sequences. The sequence comparison ally, both human and rat NRD convertase proteins
show a substantial homology in the zinc binding motif-confirms that the translation initiation codon in the

human sequence is at Met position 98. The major fea- containing region with other metalloendopeptidases, in
particular the human, rat, and Drosophila insulin de-tures of the rat NRD convertase are: (i) a 71-bp-long

acidic stretch of residues (aa 139–209) where Asp and grading enzyme proteins (IDEs) (44% identity) and the
protease III from E. coli (pitrilysin) (40% identity).Glu are highly represented and (ii) a Zn binding do-

main (aa 244–248) that conforms to the consensus Much lower identity scores are found with two other
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FIG. 3. Northern analysis of human RNA from adult and fetal tissues. Northern blots were hybridized with NRD convertase (top) and
b-actin (bottom) cDNAs. (A and B) Clontech filters with adult poly(A)/ RNA. Note that the faster actin band in the skeletal muscle lane
is due to the muscle-specific isoform. (C) Fetal total RNA (tissues were analyzed at the 12th week of gestation).

members of the pitrilysin family, namely the Klebsiella hybridization between 7.5 and 17 days pc (E 7.5 to E
17) of murine embryonic development in sagittal, fron-pneumoniae open reading frame F of the pyrroloquino-
tal (Fig. 4), and coronal (not shown) sections was car-line quinone operon, and Bacillus subtilis processing
ried out. At early stages (E 7.5 and E 8.5) NRD con-protease (27 and 21% identity, respectively) (data not
vertase transcripts are undetectable above the back-shown).
ground signal (data not shown).Northern blot experiments (Figs. 3A–3B) showed

At E 10.5 NRD convertase mRNA was detectable atthat human NDR convertase is expressed as a 3.6-kb
high levels in the CNS (Fig. 4) and in the spinal andband mainly in adult heart, skeletal muscle, and testes
cephalic ganglia. The high-level expression persisted inand at much lower levels in other tissues including
the same sites at E 12.5 and E 16.5 (Fig. 4). Transversethymus, prostate, pancreas, ovary, small intestine, and
sections showing a magnification of the spinal cord andleukocytes. The high level of human NRD mRNA ex-
spinal ganglia revealed that NRD convertase tran-pression in testes is in agreement with the data pre-
scripts were distributed homogeneously across theseviously reported in the rat, where the testicular tissue
structures, involving all cell types (data not shown). Inwas the starting source for the isolation of the NDR
addition, lower levels of NRD convertase transcriptsprotein and subsequently the cDNA. In addition, the
were detected at E 10.5–E 12.5 in the branchial archeshigh expression in heart and muscle conforms to the
(Figs. 4a, 4b, 4d, and 4f), the nasal pits and the olfac-procedure used for the isolation of this cDNA starting
tory epithelium (Fig. 4f), the epatobiliary complexfrom fetal heart mRNA. In human fetal tissues expres-
(Figs. 4a, 4c, 4e, and 4f), the frontonasal prominence,sion is detected in the CNS, placenta, and heart (Fig.
the limb buds (Figs. 4a–4c), the gut, and the genital3C). To better investigate the expression of this gene in
eminence (Fig. 4f). At E 16.5 NRD convertase expres-vertebrate development, we performed both Northern
sion was ubiquitously detectable, at levels somewhatanalysis and in situ hybridization experiments in
variable but generally lower than those in the neuralmouse embryonic tissues using a highly homologous
system (Fig. 4).partial mouse cDNA. The mouse cDNA sequences span

the corresponding human sequences between nucleo-
tides 1590 and 2590 (Accession No. U86112; for details DISCUSSION
see Materials and Methods). NRD convertase tran-
scripts are already present at day 10.5 in the central We report here the cDNA cloning of the human homo-
nervous system and heart, whereas at later stages logue of rat metalloprotease N-arginine dibasic con-
(12.5 and 14 d.p.c.) the skeletal muscle and liver are vertase. This is an endopeptidase responsible for the
also sites of major expression (data not shown). processing, at the Arg-Lys dibasic site on the N-terminal

side of the arginine residue, of propeptides and propro-To have a more accurate expression profile, in situ
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FIG. 4. NRD convertase expression during murine embryonic development. NRD convertase expression in sagittal (a, b, e, f, i, j) and
frontal (c, d, g, h, k, l) sections of E 10.5 (a–d) E 12.5 (e–h) and E 16.5 (i–l) mouse embryos. Abbreviations are as follows: Fb, forebrain;
Te, telencephalon; Di, diencephalon; Ms, mesencephalon; Mt, metencephalon; Sc, spinal cord; Sg, spinal ganglia; Tg, trigeminal ganglion;
Ba, branchial arches; Lp, liver primordium; np, nasal pit; VC, vestibular/cochlear ganglion; To, tongue; Lu, lung; Li, liver; Ki, kidney; Sa,
salivary gland; Pa, pancreatic primordium; pi, pituitary gland.

teins (Rawlings and Barrett, 1995; Chesneau et al., mapped by FISH analysis and was found to be localized
to the short arm of chromosome 1 at 1p32.2.1994; Pierotti et al., 1994). We cloned this cDNA fortu-

itously during a cDNA selection screening for sequences The full-length human NRD convertase cDNA shows
features that closely resemble those of the rat cDNAmapping to the Down region of chromosome 21, by vir-

tue of limited homology of sequences of this cDNA to with a similarity and identity of 94 and 91%, respec-
tively (Pierotti et al., 1994). The HXXEH consensusthe chromosome 21 YAC clone employed (this type of

artifact is often encountered when cDNA selection proce- sequence typical of the active center of the M16-pitri-
lysin family of metalloendopeptidases (Rawlings anddures are applied for transcript isolation using YAC or

cosmid recombinants as templates) (Guimera et al., Barrett, 1995) is perfectly conserved between human
and rat (HFLEH); other motifs are highly conserved,1996). The human NRD convertase cDNA was therefore
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including a putative signal peptide and a unique Cys in functional experiments. Finally, the NRD convertase
gene has now been mapped precisely to chromosomeresidue (Cys-959 in the rat sequence, Cys-935 in the

human) proposed to account for thiol dependence. The 1p32.2. This positional information, taken together
with data on in vivo expression, might provide a candi-latter is also common to three other proteins (Droso-

phila, rat, human DEs) (Affholter et al., 1988; Baumais- date gene, should any inherited neuromuscular disease
be mapped in this interval.ter et al., 1993). However, a substantial difference be-

tween rat and human NRD convertase sequences is
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