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The metalloendopeptidase nardilysin (NRDc) is potently inhibited by
heparin-binding epidermal growth factor-like growth factor (HB-EGF)
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Nardilysin (N-arginine dibasic convertase, or NRDc) is a cyto-
solic and cell-surface metalloendopeptidase that, in vitro, cleaves
substrates upstream of Arg or Lys in basic pairs. NRDc differs
from most of the other members of the M 16 family of metallo-
endopeptidases by a 90 amino acid acidic domain (DAC) inserted
close to its active site. At the cell surface, NRDc binds heparin-
binding epidermal growth factor-like growth factor (HB-EGF)
and enhances HB-EGF-induced cell migration. An active-site
mutant of NRDc fulfills this function as well as wild-type NRDc,
indicating that the enzyme activity is not required for this
process. We now demonstrate that NRDc starts at Met*’.
Furthermore, we show that HB-EGF not only binds to NRDc

but also potently inhibits its enzymic activity. NRDc-HB-EGF
interaction involves the 21 amino acid heparin-binding domain
(P21) of the growth factor, the DAC of NRDc and most
probably its active site. Only disulphide-bonded P21 dimers are
inhibitory. We also show that Ca**, via the DAC, regulates both
NRDc activity and HB-EGF binding. We conclude that the
DAC is thus a key regulatory element for the two distinct
functions that NRDc fulfills, i.e. as an HB-EGF modulator and
a peptidase.

Key words: acidic domain, calcium binding, domain deletion,
M16 family.

INTRODUCTION

N-arginine dibasic convertase (NRDc, or nardilysin; EC 3.4.24.
61) was initially isolated as a putative proteolytic processing
enzyme of precursors that transit through the secretory pathway
[1,2]. Invitro, the endopeptidase cleaves dynorphin A (Arg | Arg),
a-neoendorphin (Lys | Arg) and somatostatin-28 (| Arg-Lys) at
basic sites and owes its acronym ‘NRD’ to its preference for
cleaving at the N-terminus of Arg (R) residues in dibasic moieties
[3,4]. Its subcellular localization [5,6], however, ruled out the
possibility that the above in vitro substrates are cleaved in vivo by
this enzyme. Indeed, while detected at the cell surface, the
enzyme is mainly present in the cytosol and does not seem to
enter the secretory pathway [6]. During mouse early development
(embryonic day 10.5), high levels of NRDc transcripts are
observed in the central nervous system and in cephalic and spinal
ganglia. Expression then appears in many other tissues but
remains dominant in the nervous and urogenital systems [7]. In
the adult mouse, NRDc is particularly abundant in heart, skeletal
muscle and testis [7-9]. In the latter tissue, NRDc accumulates in
elongated spermatids where it is associated with the microtubular
structure of the flagellum [5]. Paradoxically, it is also secreted by
spermatids [5] and EL-4 thymoma cells [10]. The nature of its
export mechanism remains to be elucidated.

NRDc presents an inverted consensus binding site, HXXEH,
for catalytic Zn®* and is thereby classified in the inverzincin/M 16
family of metalloendopeptidases [11,12]. Insulysin [13,14], its
closest mammalian homologue (329, overall identity), shares

479, identity in the &~ 200 amino acid catalytic region conserved
among the family members [15]. NRDc was the first reported
M 16 member to present an insertion in the catalytic region. This
insertion is an acidic domain of NRDc (DAC), which in the rat
sequence consists of a 71 amino acid acidic stretch (57 Glu+ Asp)
flanked by 12 N- and 7 C-terminal non-acidic residues [15].
While mouse NRDc exhibits an almost identical domain [16], the
human one differs in that it has a shorter acidic stretch (53 amino
acids; 43 Glu + Asp) [9]. Databank searches revealed the existence
of six orthologues with insertions at exactly the same location
(Figure 1): one each in Arabidopsis thaliana NRDc (AtNRDc)
and zebrafish NRDc (zNRDc-SE), and two each in Fugu rubribes
[Protein DataBank (PDB) codes Fr19825 and Fr29969] and
Drosophila melanogaster (PDB codes dCG2025 and dCG10588).
Like mammalian NRDc, AtNRDc and the two Fugu sequences
show highly acidic insertions. On the other hand, those in
zNRDc-SE and Drosophila orthologues are rich in Ser and Glu
(SE insertions), plus Thr for dCG2025 (SET insertion). The
latter insertions contain several potential phosphorylation sites
that may contribute to the overall negative charge. In addition to
its SET domain, dCG2025 also shows a 42 amino acid acidic
stretch close to its C-terminus (Figure 1). It is intriguing that the
alignment of NRDc with the other M 16 family members starts at
Met*® of rat NRDc (rNRDc). This suggests that rNRDc trans-
lation may not initiate at Met!.

Very recently, NRDc was rediscovered at the cell surface of
the breast cancer cells MDA-MB 453 as a binding protein for the
heparin-binding epidermal growth factor (EGF)-like growth
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Figure 1 Schematic alignment of NRDc-like M16 family members exhibiting one or more insertions in the catalytic region

The conserved region of the M16 family (186 amino acids; dark grey box in rIDE; lower panel) comprises the HXXEH binding motif of catalytic Zn®* (black box). Insertion-containing members
are shown in the upper panel. Length of the acidic (DE) or Ser-Glu and Ser-Glu-Thr (SE and SET)-rich stretches (light grey boxes) and their contents (%) of Glu+ Asp (DE), Ser + Glu + Asp (SE)
and Ser + Glu+ Asp+ Thr (SET) are indicated. These stretches are either flanked or not by short sequences (hatched boxes) non-homologous to the M16 family consensus. Note that, in addition
to its SET domain, dCG2025 possesses an acidic stretch located = 50 amino acids upstream of its C-terminus. Accesssion numbers: rNRDc, NP037125; AtNRDc (A. thaliana putative NRDc),
AAF63132; PDB code Fr19825 (F. rubripes), JGI19825; PDB code Fr29969 (F. rubripes), JGI29969; zZNRDc-SE (Danio rerio), AW342949; PDB code dCG2025 (D. melanogaster), AAF48105;

PDB code dCG10588 (D. melanogaster), AAF51661; rIDE (rat insulysin), S29509.

factor (HB-EGF) [17]. This member of the EGF family is a
potent stimulator of cell proliferation and migration and is
implicated in processes such as wound healing, smooth muscle
cell hyperplasia or tumour growth [18]. HB-EGF, a ligand of the
erbB1 and erbB4 isoforms of the EGF receptor (EGFR) [19], is
synthesized as a transmembrane molecule whose ectodomain
contains a 21 amino acid basic heparin-binding (HB) domain
[20]. While transmembrane HB-EGF acts as a juxtacrine factor,
its cell-surface shedding gives rise to a soluble, paracrine factor
[21]. In addition, this surface processing constitutes a key step in
EGFR transactivation [22]. In previous work [17], we showed
that, while NRDc does not shed transmembrane HB-EGF, it can
form a 150 kDa complex with soluble HB-EGF. Among the
various EGFR ligands tested, only HB-EGF bound NRDc, and
this binding potentiated HB-EGF-induced cell migration [17].
Modulated by either overexpression or knock-down with an
antisense oligonucleotide, NRDc expression levels appeared to
be correlated with the extent of cell migration enhancement [17].
NRDc enzymic activity is not required for this process, since an
active-site mutant (NRDc-E**7A) is as potent as the wild-type
enzyme. The physiological consequence of the cell-surface
NRDc-HB-EGF complex formation is yet to be fully defined.

In the present study, we first identified the translation initiation
site. of NRDc. We then characterized the NRDc-HB-EGF
interaction and demonstrated that binding involves the HB
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domain of HB-EGF and the DAC of NRDc. Finally we showed
that HB-EGF is a potent inhibitor of NRDc activity in vitro.

EXPERIMENTAL
Cell culture

Human embryonic kidney HEK-293 cells were grown in Dul-
becco’s modified Eagle’s medium containing 109, heat-inacti-
vated fetal calf serum and 25 pug/ml gentamicin (all from
Canadian Life Technologies, Burlington, ON, Canada) at 37 °C
in 5% CO,. MDA-MB 453 breast cancer cells were grown as
described previously [17].

Plasmids

Addition of FLAG and V5 tags at the C-terminus of wild-type NRDc and
NRDc-E?*7A, respectively

Note that, in this study, the abbreviation ‘NRDc’ in the plasmid
names refers to isoform 1 of rNRDc [9]. To introduce a 3’
FLAG tag, the NRDc sequence was PCR-amplified with a
sense oligonucleotide (5'-AGAGGATGCATTCAATACTC-3')
spanning a unique Nsi site (underlined), and an antisense oligo-
nucleotide (5-AAGCTTAATTAAGCTCGAGTTTGACTAT-
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CTTATGGTAGG-3') introducing Xhol and Pacl sites (under-
lined) upstream of the stop codon (in bold) and a HindIII site.
The PCR product was cloned into pGEM-9Zf(—) (Promega
Corporation, Madison, WI, U.S.A.). A pCMV-Tag4 (Stratagene,
La Jolla, CA, U.S.A.)-derived 48 bp Xhol-Pacl fragment con-
taining the FLAG sequence was then introduced into the
recombinant pGEM vector. The FLAG-containing Nsil-HindII1
NRDc fragment was then substituted for that of the recombinant
vaccinia virus vector pMJ601-NRDc [6]. A two-step PCR was
performed to introduce 42 bp encoding the 14 amino acid V5
epitope (Invitrogen, Carlsbad, CA, U.S.A.) upstream of the stop
codon of NRDc-E**"A [17] cloned into the pMJ601 vector.
First, two contiguous fragments were PCR-amplified using four
oligonucleotides, with the two central ones introducing the V5
sequence and containing 30 complementary bases. The 5" frag-
ment (F1) was obtained with the above sense NsiI oligonucleotide
and a V5-NRDc antisense oligonucleotide (5-ATCGAGACC-
AAGGAGAGGGTTAGGGATAGGCTTACCTTGACTAT-
CTTATGGTAGG-3’), and the 3" fragment (F2) with a sense
V5/pMJ601 oligonucleotide (5-AACCCTCTCCTTGGTCTC-
GATTCTACGTAAGCTTCGACAAGCTCGTAAAAGT-3;
HindllI site shown in italics) and an antisense pMJ601-specific
oligonucleotide (5'-CAAATTCAGACGGCAAACGAC-3'). In
a second step, a new PCR was performed with a mixture of
F1 and F2 as a template and the two distal oligonucleotides (F1
sense and F2 antisense). The PCR product was directly digested
with Nsil and HindlIIl and the resulting 459 bp fragment was
used to substitute that of pMJ601-NRDc-E**"A. After digestion
of recombinant pMJ601 vectors with Sall and HindIll, the full-
length wild-type NRDc-FLAG or active-site mutant NRDc-
E**"A-V5 was introduced in the antisense orientation into
pcDNA3.1/Zeo (+) (Invitrogen) between the Xhol and HindIII
sites. The recombinant vectors were then digested with Nhel and
Xbal and the NRDc inserts cloned into the Nhel site of pIRES2-
EGFP (Clontech, Palo Alto, CA, U.S.A.).

NRDc-ADAC- and NRDc-ADACAORF-encoding plasmids

Deletion of the DAC sequence (corresponding to amino acids
127-214) was achieved by a two-step PCR (see above) using as
a template, either pMJ601-NRDc (full-length NRDc and its 64-
base upstream untranslated region) or pMJ601-NRDcAORF,
(pMJ601-rNRD1 in [6]) missing the NRDc 5" untranslated region.
The use of two oligonucleotides overlapping the DAC insertion
site (5-GGCTCTTTTGATTTCAGATAAGAAAACCACTG-
AGAAAC-3" and 5-GTTTCTCAGTGGTTTTCTTATCTGA-
AATCAAAAGAGCC-3) and two distal oligonucleotides, a
pMIJ601-specific one (5-ACATTGTTGAATTGGATCAGC-3')
and an antisense one overlapping the second Bg/Il site of
the NRDc sequence (5'-TATCTGAGTGAAGATCTCC-3") led
to 1120 or 1040 bp amplified fragments. The latter were used
to generate two recombinant pENTR-2B vectors (Gateway
cloning technology; Canadian Life Technologies) encoding a
DAC-deleted NRDc (ADAC), missing (AORF,) or not its 5
untranslated region. By recombination with the pDESTI12.2
vector (Gateway cloning technology), the expression vectors
pEXP-NRDc-ADAC and pEXP-NRDc-ADACAORF, were
finally obtained.

pGEX-DAC vector

The DAC coding sequence (corresponding to amino acids
127-214) was amplified using two oligonucleotides (5-GGAAT-
TCTGAGCAATGTGGAGGGTAAAACCGG-3" and 5-GG-
AATTCACGGGCTTCCACACGCTCTTCG-3") and the PCR

fragment was introduced at the EcoRI site of pGEX-KT [23] to
generate pGEX-DAC.

Preparation of the fusion protein glutathione S-transferase (GST)-
DAC

Escherichia coli strain BL21 (Stratagene) transformed with
pGEX-DAC were grown in Luria—Bertani medium to a D value
of ~ 1 and the fusion protein expression was induced by ad-
dition of 0.5 mM isopropyl p-D-thiogalactoside (Sigma-Aldrich,
Oakville, ON, Canada). The cells were grown for an additional
3 h, collected by centrifugation and resuspended in 60 ml of lysis
buffer (20 mM Tris/HCI, pH 8, 100 mM NaCl, 1 mM EDTA,
1 mM dithiothreitol and 0.5 9, Nonidet P-40). After sonication
and centrifugation at 4 °C for 30 min at 20000 g, the supernatant
was collected, adjusted to 50 mM KCl, 50 mM Tris/HCI, pH 7.5,
and loaded on to a DEAE column (10 ml bead volume) pre-
equilibrated with 150 mM KCIl, 50 mM Tris/HCI, pH 7.5. Frac-
tions obtained by elution with a 31 ml linear salt gradient from
150 to 600 mM KCl in 50 mM Tris/HCI, pH 7.5, were analysed,
and the GST-DAC-containing fractions were pooled and further
batch-purified on glutathione—Sepharose 4B (Amersham Biosci-
ences, Baie d’Urfé, QC, Canada) as recommended by the
manufacturer. The eluted proteins were then washed with PBS
and concentrated in an Amicon Centriprep 10K filtration unit
(Millipore Corporation, Bedford, MA, U.S.A.). GST-DAC was
then used to obtain a rabbit polyclonal antiserum and kept in
aliquots at —80 °C.

Radioiodination and chemical cross-linking

Cross-linking of ['**IJHB-EGF at the cell surface and in solution
with recombinant NRDc were carried out as described previously
[17]. In competition experiments, various amounts of P21 [24]
and peptide 3100 unlabelled peptides were added to [***I]JHB-
EGF. These peptides correspond to the HB domain (amino acids
93-113) and cytosolic tail (amino acids 193-208) of HB-EGF,
respectively.

Transient transfections and cell-surface biotinylation

The pIRES2-EGF, pIRES-NRDc-Flag, pIRES-NRDc-E**7A-
V5, pPEXP-NRDc-ADAC and pEXP-NRDc-ADACAOREF, vec-
tors were transiently transfected into HEK-293 cells using
Effectene (Qiagen, Mississauga, ON, CA). Briefly, 24 h before
transfection, cells were plated either on 60 mm plates (6.5 x
10° cells) for biotinylation of cell-surface proteins or 100 mm
plates (1.5 x 10 cells) for enzyme preparation and were then
transfected with 1.5 or 3 ug of DNA, respectively. The medium
was replaced 24 h after transfection and cells were grown for
an additional 24 h before being harvested or biotinylated as
described previously [6].

Enzyme preparation

After three washes with PBS, transfected HEK-293 cells were
resuspended in 50 mM Tris/HCI, pH 7.5, 5mM 2-mercapto-
ethanol and 0.05 9, Triton X-100, broken by repeated passages
through a 25-gauge needle and then centrifugated at 27000 g for
15 min at 4 °C. Supernatants were immunoprecipitated with
antibodies directed against V5 (diluted 1/250) or FLAG epitopes
(diluted 1/200). The immunoprecipitated proteins, conserved at
4 °C in 20 mM potassium phosphate, pH 7.2, containing 10 9,
glycerol, were analysed by SDS/PAGE (89 gel) and silver
staining or Western blotting, and used in enzymic assays.
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Enzymic assay and determination of IC, values

Assays were carried out by incubation at 37 °C for 15 min of an
aliquot of the enzyme preparation with dynorphin A (12 uM;
Sigma-Aldrich) in 250 mM Tris/HCIL, pH 8.9, in a 100 gl final
volume. These incubation conditions were found to be optimal
for dynorphin A processing by NRDc [3,6]. The reaction was
stopped by adding 10 ul of acetic acid and analysed by reversed-
phase HPLC (C, column, 80 A, 5 gm; 3.9 mm x 300 mm; Chro-
matography Science Company, Montreal, QC, Canada) using a
16 min 28-609, acetonitrile gradient in 0.19, trifluoroacetic
acid. To determine the effect of growth factors, P21, calcium and
GST-DAC, a quantity of enzyme achieving 259, cleavage in
15 min at 37 °C (giving the 100 9, reference for each experiment)
was preincubated with these agents for 15 min at 37 °C prior to
addition of the substrate. These conditions allow the accurate
measurement of the dynorphin A products within the range of
2.5-259, digestion. IC,, values were determined by Grafit4 or
Sigma-Plot programs.

Western blotting and antibodies

Immunoprecipitated and purified proteins were separated by
SDS/PAGE on 8 %, or 12 9%, gels and transferred to nitrocellulose
filters (Hybond-ECL; Amersham Biosciences). After blocking
with 59, non-fat dry milk in TBS-T (10 mM Tris/HCI, pH 7.5,
150 mM NaCl and 0.05 9%, Tween-20), filters were incubated with
anti-NRDc [3], anti-GST-DAC (see above), anti-V5 (Stratagene)
or anti-FLAG (Invitrogen) antibodies, all at a dilution of 1:5000,
except for anti-FLAG which was used at 1:1000. The antigen—
antibody complexes were revealed using horseradish peroxi-
dase-conjugated anti-rabbit (Sigma-Aldrich) or anti-mouse
(Amersham Biosciences) [gGs and enhanced chemiluminescence
(ECL Plus; Amersham Biosciences).

Analysis of NRDc¢ digestion of P21, reduced P21 and P21-CS

Reduced P21 (4 mM) was obtained by incubation in 100 mM
dithiothreitol at 100 °C for 3 min followed by a rapid cooling at
4 °C. P21-CS is a P21 derivative with a Cys'®-to-Ser substitution.
Peptides (30 M) were incubated with an aliquot of the enzyme
preparation at 37 °C for 2, 10, 30 and 60 min in 250 mM
Tris/HCI, pH 8.9. Digestion products were separated by re-
versed-phase HPLC (see above for the characteristics of the
column), using a 40 min 15-559, acetonitrile gradient in 0.1 9,
trifluoroacetic acid, and collected. Digestion products were
identified by MS on a matrix-assisted laser-desorption ioniza-
tion—time-of-flight MALDI-TOF) Voyageur DE-Pro instrument
(PE PerSeptive Biosystems, Framingham, MA, U.S.A.) using the
matrix 3,5-dimethoxy-4-hydroxy-cinnamic acid (Sigma-Aldrich).

RESULTS

The DAC is dispensable for NRDc catalytic activity and cellular
export

Since NRDc is characterized by its DAC inserted within the
highly conserved catalytic region (Figure 1), we first sought to
define its importance for NRDc activity. Accordingly, we
designed an NRDc mutant missing this domain (NRDc-ADAC).
Since the DAC is a key element in the enzyme-purification
protocol, C-terminal epitopes were introduced in wild-type and
mutant recombinant proteins to facilitate their recovery by
immunoprecipitation (Figure 2). An active-site mutant, NRDc-
E**"A, in which the HXXEH Zn?**-binding motif was mutated
to HXXAH [17], was also analysed. Wild-type NRDc and its
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Figure 2 Expression and cellular analysis of NRDc and its mutants

(A) Anti-NRDc Western-blot analysis of lysates of HEK-293 cells transfected with an empty
pIRES2-EGFP vector (V), or vectors expressing wild-type NRDc (WT), its active-site mutant
(EA) or NRDc-ADAC (ADAC). (B) Silver staining analysis of recombinant NRDc
immunoprecipitated with antibodies directed against a C-terminal FLAG (WT) or V5 (E?’A and
ADAC). The migration position of the immunoglobulin heavy chain (IgG) is emphasized. (C)
Normalized /n vitro activities towards dynorphin A of immunoprecipitated NRDc (% cleavage).
(D) Streptavidin revelation of immunoprecipitated proteins with NRDc antibodies after
biotinylation of cell-surface proteins.

mutants were well expressed in transiently transfected HEK-293
cells, as illustrated by Western blotting with an NRDc antibody
(Figure 2A). These recombinants were immunoprecipitated with
either FLAG (wild type) or V5 (E**"A and ADAC) antibodies.
Activity measurements of the purified enzymes showed that
equal quantities (as assessed by silver staining) of testis and
immunoprecipitated NRDc had similar activities, strongly sug-
gesting that they share comparable specific activities. Upon
normalization of protein contents (Figure 2B), the data revealed
that while the active-site mutant was inactive, the DAC deletion
did not abolish the activity but only reduced it by a factor of ~ 3
(Figure 2C). Although removal of the DAC may have slightly
changed the conformation of the catalytic domain, the DAC may
also play a direct role in substrate binding/presentation. In any
case, the 3-fold reduction in enzyme activity suggests that the
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Figure 3 Initiation of NRDc translation at Met*

(A) Anti-NRDc Western-blot analysis of NRDc-ADAC (ADAC) and a derived mutant (AORF),
in which the entire 5 upstream sequence containing a small ORF was replaced by 6 nt,
providing the Kozak’s consensus to Met' AUG. (B) Silver staining analysis of immunoprecipitated
proteins with anti-C-terminal V5. (C) Normalized /n vitro activities towards dynorphin A of the
immunoprecipitated NRDc (% cleavage). (D) Streptavidin revelation of immunoprecipitated
proteins with NRDc antibodies after biotinylation of cell-surface proteins. The diagram on the
left depicts the working hypothesis: translation of the short upstream ORF, (arrow plus question
mark) hampers re-initiation at the adjacent Met, codon of ORFyg,, and forces it to take place
at the following AUG codon, i.e. at Met,, (arrow).

DAC is neither required for enzyme folding nor critical for
NRDc activity. In addition, the DAC deletion had no impact on
the selectivity of NRDc for cleavage in between the Arg doublet
in dynorphin A (results not shown). Finally, biotinylation of
intact cells was performed to check for a possible effect of the
active-site mutation or DAC deletion on the export and/or
retention of NRDc at the cell surface (Figure 2D). Although it is
difficult to estimate the absolute percentage of cell-surface NRDc,
it is legitimate to conclude that neither mutation affects the
relative cell-surface level of the enzyme since, for equivalent
amounts of total cellular NRDc estimated by Western-blot
analysis, comparable intensities were obtained by streptavidin
revelation.

NRDc translation initiates at Met*

N-terminal sequencing of immunoprecipitated NRDc and
NRDc-ADAC revealed that both proteins start at Pro®® (results
not shown). rINRDc purified from testis or overexpressing BSC40

P21 3100
| 1 1
kDa () 05 1 5 25 25 (nM)
220 — - -
5T
—f— -
97.4 —

P21 3100
I "
kDa () 1 10 25 25" (nM)

201 — l '

122 —

Figure 4 P21 competes for HB-EGF binding to NRDc (A) at the cell surface
or (B) in solution

(A) "1-HB-EGF (0.5 nM) was incubated with MDA-MB 453 cells in the absence (—) or
presence of P21 that mimics the HB domain of HB-EGF. After cross-linking and cell lysis, the
complexes were analysed by SDS/PAGE and autoradiography. White and black arrows point at
HB-EGF—erbB1 and HB-EGF—NRDc complexes, respectively. (B) "2°I-HB-EGF (3.5 nM) was
cross-linked to rNRDc in solution in the absence (—) or presence of P21. The bracket denotes
radiolabelled complexes containing '2%I-HB-EGF and NRDc. In both panels, the peptide 3100,
which corresponds to the cytoplasmic tail of HB-EGF, had no effect on HB-EGF binding.

cells started at Val”” and Gly®! respectively [6]. In contrast,
human or mouse NRDc purified from MDA-MB 453 cells [17]
or overexpressing Sf9 cells [25], respectively, started at Pro**
(equivalent to Pro®® in the rat sequence). The hypothesis of Met**
as the translation initiation site of NRDc was also based on (i)
the M 16 family multiple alignment (see above), (ii) the presence
of a 27 nt upstream open reading frame (ORF,) with a stop
codon adjacent to the Met! codon [15] (the latter configuration
may favour reinitiation at the second AUG (Met*?) [26]), and (iii)
the fact that initiator methionines of cytosolic proteins are
usually eliminated [27], rationalizing the observed N-terminal
Pro®. To verify this hypothesis, the 5" upstream sequence (64 nt)
containing ORF, was replaced by 6 nt introducing the Kozak’s
consensus [28] for efficient initiation at Met!. To show more
clearly the expected 5 kDa difference in protein mass between
initiation at Met! or Met*?, the AORF mutation was introduced
into NRDc-ADAC that had a smaller size (Figure 2). In addition
to the ~ 120 kDa product starting at Pro®*® observed in NRDc-
ADAC-expressing cells, the AORF, mutation led to the ap-
pearance of a higher-mass product (& 125 kDa; Figures 3A and
3B). Thus even under optimized translational conditions, in-
itiation at Met! remained inefficient. The mixture of the two
species exhibited an activity similar to that of the 120 kDa species
alone (Figure 3C). Both forms were also exported to the cell
surface with equal efficiency (Figure 3D).
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Figure 5 HB-EGF, P21 or amphiregulin inhibition of wild-type or ADAC-NRD¢

Inhibition curves of NRDc (WT) or NRDc-ADAC (ADAC) by P21 (A), HB-EGF (O) or amphiregulin (AR; inset). The corresponding IC5, and slope factors (in parentheses) are indicated. These
values were obtained using the GraFit program except for amphiregulin, whose 1G5, was determined by using the Sigma Plot program.

Table 1 NRDc cleavage products of reduced P21 and P21-CS

The peptides were incubated with NRDc for various times and the cleavage products were resolved by reversed-phase HPLC. Their retention times and mass spectral sizes are shown, as well
as their calculated masses. The sites of major and minor cleavage are indicated by inverted triangles and arrows, respectively.

Reduced P21

Vv ¥ v
KRKKKGKGLGKKRDPCLRKYK

Ret. Time

{min)

18
18
19
24

25

Observed
Mass (Da)

1100.12
1685 33
1812.64
2106.00
2516.52

Peptide

1-10 ¥
v4-18Y
V318V
¥ 4-21

1-21

Calculated
Mass (Da)

1099.7
1684 0
18121
2103.3

25166

P21-CS

B VvV ¥
KRKKKGKGLGKKRDPSLRKYK

Ret. Time  Observed Peptide  Calculated
(min) Mass (Da) Mass (Da)
19 129142 ¥ 12-21 12908
19 116324 13-21 1162.7
20 141935 {1121 1418.8
23 221683 { 321 22154
23 208778  4-21 2087.3
25 74165 V13184 7434
25 2500.61 1-21 2500.7
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Figure 6 NRDc sensitivity to Ca* is mediated by DAC

Effect of Ca** on NRDc (WT; A.) and NRDc-ADAC (ADAC; A) enzymic activities in 250 mM
Tris/HCI, pH 8.9.

The HB domain of HB-EGF binds to NRDc

We previously showed that, among other EGFR ligands tested,
only amphiregulin competed with HB-EGF for NRDc binding,
albeit only in vitro [17]. Since amphiregulin has an HB domain
very similar to that of HB-EGF, the hypothesis of the in-
volvement of this domain in NRDc binding was examined.
Intact cells or NRDc in solution were incubated with iodinated
HB-EGF in the absence or presence of either P21, a 21 amino
acid peptide mimicking the HB domain of HB-EGF [24] or, as a
negative control, peptide 3100 that corresponds to the HB-EGF
cytosolic tail. After cross-linking, cells were lysed, and cell lysates
(Figure 4A) or in vitro incubation mixtures (Figure 4B) were
analysed by electrophoresis and autoradiography (Figure 4). P21
competed more efficiently with the formation of the NRDc-HB-
EGF complex (150 kDa, the lower band in Figure 4A [17]) than
with the erbBI-HB-EGF complex (upper band in Figure 4A).
P21 also abolished HB-EGF binding to heparan sulphate proteo-
glycans, which appeared as a background on the gel, but only
partially inhibited binding of HB-EGF to erbBl. In solution
(Figure 4B), P21 efficiently displaced NRDc at concentrations
> 1 nM instead of the 25 nM needed to achieve the same result
at the cell surface (Figure 4A). In both cases, peptide 3100 had
no effect. These results implicate the HB domain of HB-EGF in
NRDc binding.

HB-EGF and P21 inhibit NRDc

Neither HB-EGF nor P21 behaved as substrates according to
HPLC and mass spectral analyses of incubation mixtures con-
taining high concentrations of wild-type NRDc (results not
shown). On the other hand, both had strong inhibitory effects on
NRDc activity with IC,; values of 106 and 26 nM, respectively
(Figure 5). The fact that P21 is as good an inhibitor as, or even
better than, HB-EGF suggests that the HB domain is the sole
determinant involved in NRDc inhibition. Since the HB domain
contains 12 positively charged residues (see sequence in Table 1)
and several potential cleavage sites for NRDc, we hypothesized
that it inhibited NRDc either directly through binding to the
active site or indirectly via interaction with the negatively charged
DAC.

oqg
AAS W
G‘J O‘-’o ‘3{& ‘;9
A kDa kDa
46
— -220
-~y
— n
- a7
silver staining anti-GST-DAC
B
% Inh. 71 70 40 47 43 16

B-P21 B+ P21

% cleavage

- GST GST-DAC
[Ca®]=0

GST GST-DAC
[Ca?*] = 0.4 mM

Figure 7 Analysis of the GST-DAC fusion protein and its effect on NRDc
inhibition by P21 in the absence or presence of Ca**

(R) Purified GST or GST-DAC (& 600 ng each) was analysed by SDS/PAGE (12% gel) and
silver staining (left-hand panel). As expected, anti-GST-DAC antibodies recognize wild-type (WT)
NRDc but not NRDc-ADAC (ADAC; right-hand panel). (B) Effect of GST or GST-DAC on P21
inhibition of NRDc in the absence (left-hand panel) or presence (right-hand panel) of Ca®*. Wild-
type NRDc was preincubated for 15 min at 37 °C in the absence or presence of GST, GST-DAC
or Ca®*. Dynorphin A was then added and the digestion allowed to proceed for an additional
15 min. The 25% cleavage achieved in the absence of any effector was taken as the 100% value
(left-most bar). [P21] = 80 nM, [GST] and [GST-DAC] = 300 nM.

The DAC contributes to HB-EGF binding

As shown in Figure 5, the DAC deletion did not prevent HB-
EGF or P21 inhibition, but led to a 6-fold lower sensitivity (see
IC,, inset) and to steeper slopes of inhibition curves. Therefore,
although not solely involved, the DAC may be an important
element in HB domain interaction. As expected from previous ex
vivo experiments that suggested a much lower affinity for NRDc
[17], amphiregulin is a rather inefficient inhibitor (Figure 5,
inset).

Because acidic stretches usually show high capacity and low
affinity for Ca** (K, ~ 107 M) [29], we investigated whether
Ca?** could regulate NRDc activity (Figure 6). At concentrations
> 1 mM, Ca*" inhibited NRDc (IC,, = 2 mM). Since NRDc-
ADAC was =~ 25-fold less sensitive than NRDc (IC;, = 48 mM),
we deduce that Ca** inhibition is mainly mediated through the
DAC. Note that a slight activation (~ 209%,) was observed at
lower Ca*" concentrations, peaking at 0.4 mM.

To probe the existence of a direct interaction between the
DAC and HB-EGF, we used a fusion protein in which GST was
fused to the N-terminal of the 90 amino acid DAC (GST-DAC).
The protein was purified (Figure 7A, left-hand panel) and the
final preparation injected into rabbits, generating antibodies that
recognized the wild-type enzyme but not NRDc-ADAC (Figure
7A, right-hand panel). In the absence of Ca** (Figure 7B), while
GST did not affect the inhibitory potency of P21 (71 compared
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with 70 9, inhibition), GST-DAC reduced it by a factor of ~ 2
(71 compared with 409, inhibition). The presence of Ca*"
(0.4 mM; Figure 7B) led to a 349, lower inhibitory potency of
P21 (71 versus 479, inhibition). Under these Ca*" conditions,
GST also did not affect P21 inhibition (47 versus 43 9, inhibition)
whereas GST-DAC reduced it by a factor ~ 3 (47 versus 169,
inhibition). We can thus conclude that (i) through binding to the
DAC, Ca®" in the higher uM range activates NRDc and
attenuates its inhibition by the HB domain and (ii) GST-DAC
can compete with NRDc for P21 binding, indicating that the
DAC directly binds the HB domain. In agreement, GST-DAC
abrogates the HB-EGF inhibition of NRDc processing of
dynorphin A (results not shown).

Disulphide-bonded P21 is the NRDc inhibitor

Whereas P21 is a potent inhibitor of NRDc, it has less effect on
NRDc-ADAC (Figure 5). This suggested that the latter may
partially cleave P21. Indeed, reversed-phase HPLC and MS
analysis of P21 digestion products confirmed that P21 is not
processed by NRDc but partially cleaved by NRDc-ADAC at
Arg | Lys® and Arg| Lys'®, generating the peptide 3-18 (results
not shown). Thus, P21 enters the catalytic pocket of NRDc-
ADAC. Whether P21 also interacts with the pocket of NRDc,
though more efficiently since it is a strong inhibitor, or inhibits
NRDc via its binding to a distinct site is not yet clear. In
addition, MS analysis of P21 revealed a mixture of monomers
and dimers (results not shown), most probably due to the
presence of a single Cys residue. Indeed, in HB-EGF, the HB
domain slightly overlaps the EGF-like sequence and, as a result,
comprises the first (position 16) of the six cysteines. Since
monomers and dimers may inhibit NRDc differently, we tested
the inhibitory effect of reduced P21 and P21-CS, a P21 derivative
in which Cys!® was substituted by Ser. Reduced P21 was cleaved
at the same sites by NRDc as native P21 was by NRDc-ADAC. In
addition, two minor sites were also identified (Table 1). Curiously,
P21-CS was cleaved differently than reduced P21, with the two
major sites occurring at Gly | Lys''Lys | Arg'®. Thus, reduced
Cys in P21 cannot be replaced by Ser without affecting P21
susceptibility to NRDc. We conclude that in the P21 mixture
the disulphide bonded P21 is most likely the inhibitory species
and that reduced P21 and P21-CS are not inhibitors but behave
as substrates that directly bind to the active site of NRDc.

DISCUSSION

NRDc is a metalloendopeptidase that belongs to the M 16 family
(Figure 1) and cleaves peptides at basic sites in vitro [4,15].
Although cytosolic, it is also exported to the surface of several
cell types [6,17]. However, its cytosolic and/or extracellular
substrate(s) remain to be identified. The recent discovery that
NRDc binds HB-EGF at the cell surface and enhances the
induced cellular migration gave a first insight into one of its
physiological properties [17]. Since neither HB-EGF binding nor
enhancement of the HB-EGF-induced migration necessitates
NRDc enzymic activity [17], this suggests that the protein fulfills
a second function as an HB-EGF modulator. This is reminiscent
of other metalloendopeptidases that exhibit dual functions, like
the two M 16 family members yeast Axll protein and mitochon-
drial processing peptidase (MPP). Aside from its involvement in
the N-terminal processing of the a-factor [30], Axl1 is an essential
morphogenic determinant in yeast budding (axial/bipolar) [31].
In some organisms, MPP that removes mitochondrial targeting
sequences from nuclear-encoded proteins also acts as a core
subunit of cytochrome ¢ reductase, a protein complex of the
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respiratory chain [32]. Similarly, the metallopeptidase carboxy-
peptidase E that trims basic residues [33] is also implicated in
protein sorting to secretory granules [34].

In the present and previous studies [6,17,25] none of the
identified N-termini of NRDc were located upstream of Pro?’.
We showed here that the first 49 residues do not constitute a
rapidly processed proregion but are rather not translated. The
removal of a small upstream ORF and optimization of the Met!
AUG context led to the appearance of a higher-mass product,
suggesting that, in vivo, translation only initiates at Met*® (Figure
3). In agreement, Ma et al. [25] failed to detect, even in the
presence of high concentrations of protease inhibitors, a hexa-
His-tagged NRDc downstream of Met!.

A distinct feature of NRDc resides in its 90 amino acid acidic
domain (DAC), inserted in the conserved catalytic region, only
30 residues upstream of the HXXEH catalytic site (Figure 1).
Whereas no NRDc-like sequences containing an insertion were
detected in the completed genomes of Saccharomyces cerevisiae
and Caenorhabditis elegans, so far one NRDc has been identified
in mammals, A. thaliana and zebrafish and two in Fugu and
Drosophila (Figure 1). The conservation of these insertions
through evolution and their sequence divergence may reflect a
specialization of this subfamily of proteins towards specific
substrates and/or ligands. In NRDc, the acidic insertion is
dispensable for catalytic activity (Figure 2), suggesting that it is
not required for enzyme folding. Rather, the DAC seems to
constitute an appendix to the global enzyme structure that
regulates NRDc functions: (i) it seems to behave as a cis-
activator, increasing either catalytic efficiency or enzyme stability
since its removal led to a 3-fold decrease of NRDc activity; (ii) it
largely contributes to HB-EGF binding by interacting with the
HB domain (Figures 4 and 5); and (iii) through Ca*" binding, it
regulates both NRDc enzymic activity (Figure 6) and its in-
teraction with HB-EGF (Figures 5 and 7). Thus, in vivo,
extracellular Ca** (basal levels, 1-2 mM) that increases under
hypercalcimic or secretory conditions may regulate the physio-
logical functions of NRDc. In contrast, in the cytoplasm, NRDc
would be insensitive to the lower Ca®" concentrations (50—
100 xM).

We showed that, in vitro, HB-EGF is not a substrate but a
potent inhibitor of the enzyme (Figure 5). Evidence that its HB
domain is involved in NRDc binding came from the competing
effect of P21 on HB-EGF binding to NRDc at the cell surface
and in vitro (Figure 4). In addition, the P21 higher inhibitory
effect (IC,, = 26 nM) versus that of HB-EGF (IC,, = 100 nM;
Figure 5) suggests that the HB domain is the sole element
required for NRDc binding or inhibition. On the NRDc side, the
DAC and possibly the active site seem to participate in P21
binding. The importance of the DAC is illustrated by a 6-fold
drop in NRDc-ADAC sensitivity to HB-EGF or P21 compared
with that of NRDc (Figure 5). Furthermore, preincubation of
P21 with a GST-DAC fusion protein abolished its inhibitory
effect, thereby indicating that the DAC can directly bind P21
(Figure 7). The remaining sensitivity of NRDc-ADAC to HB-
EGF and P21 (Figure 5) revealed the involvement of another
domain, likely to be the catalytic one. These conclusions agree
with the previously reported existence of two classes of HB-EGF
binding sites on NRDc [17]. The hypothesis of the participation of
the active site in HB-EGF binding is reinforced by the ability
of NRDc to cleave both reduced P21 and its C**S variant (Table
1). Whether the DAC and the active site bind one or more HB-
EGF molecules, and constitute distinct high- and low-affinity
binding sites, is not yet clear. Alternatively, the DAC that is
located in the vicinity of the catalytic site may intervene in
substrate/inhibitor selection and/or positioning. It was recently
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shown that the DAC binds several spermine molecules in a co-
operative manner and that the induced conformational change in
NRDc could affect the active-site structure since spermine acts as
a non-competitive inhibitor [25].

Analysis of the processing of reduced P21 and P21-CS con-
firmed the strict specificity of NRDc for cleavage upstream of
basic residues in dibasic stretches. Although NRDc was reported
to prefer cleavage upstream of Arg residues [3,4], all the observed
P21 cleavages occurred upstream of Lys except for one of the two
major cleavage sites Lys-Lys | Arg'*Asp in P21-CS. Since kinetic
analysis of reduced P21 revealed that both major cleavages
occurred simultaneously (results not shown), it is not yet clear if
one or both of the two sites are involved in NRDc inhibition by
HB-EGF. The sole involvement of the first one is however
unlikely, since HB-EGF and amphiregulin, which is a poor
inhibitor, exhibit an identical Lys-Arg-Lys-Lys-Lys-Gly® se-
quence. The proximity of the disulphide-bonded Cys to the
C-terminal site may be critical in this selection. Interestingly,
NRDc cleaves reduced P21 and P21-CS within the three clusters
of basic residues that were shown to be important for HB-EGF
interaction with heparin [35,36]. It has been proposed that
heparin-binding fibroblast growth factor has to form a ternary
complex with cell-surface heparan sulphate proteoglycans and its
receptor for activity [37]. By analogy, NRDc may act as an HB-
EGF-specific heparin-like molecule to enhance HB-EGF-induced
responses. This regulation may be particularly relevant, especially
in heart, a rich source of NRDc, and where HB-EGF was shown
to mediate cardiac hypertrophy [38]. NRDc expression during
embryogenesis is essentially restricted to neuronal cells and may
thus play a role in cell migration at this stage, probably through
HB-EGF binding. Although widely distributed in the adult,
NRDec is not ubiquitous. In testis, for example, it is only detected
in germ cells. In addition, not all cell lines tested exported NRDc
to the cell surface. Although NRDc export and cell-surface re-
tention will be the object of future studies, our data revealed
that they are independent of NRDc enzymic activity and do
not require the DAC (Figure 2). Finally, while NRDc may
represent a new regulator of HB-EGF functions, identification
of its cytosolic role is of great interest.
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