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ABSTRACT. A critical processing step in endothelin biosynthesis is the conversion of the intermediate “big
endothelin” to its biologically active product catalysed by endothelin converting enzyme (ECE). In this com-
mentary we discuss critically the cellular location, structure, and activity of the isoforms of ECE. The current
evidence supporting a metallopeptidase ECE as the physiological regulator of endothelin production is described.
Its sensitivity to inhibition by the fungal metabolite phosphoramidon and subsequent cloning of the enzyme
indicate it to be a type II integral membrane protein homologous with neutral endopeptidase-24.11 (E-24.11),
the major neuropeptide-degrading ectoenzyme in brain and other tissues. Unlike E-24.11, however, ECE exists
as a disulphide-linked dimer of subunit M, 120-130 kDa and is not inhibited by other E-24.11 inhibitors such
as thiorphan. Alternative splicing produces two forms of ECE with distinct N-terminal tails. These isoforms of
ECE-1 show similar specificity converting big endothelin-1 (ET-1) to ET-1 but big ET-2 and big ET-3 are
converted much less efficiently. This suggests that additional forms of ECE remain to be isolated. Immunocy-
tochemical studies indicate a predominant cell-surface location for ECE-1, like E-24.11. This is consistent with
the conversion of exogenous big ET-1 when administered in vivo and the inhibition of this event by phospho-
ramidon. However, mature ET-1 can be detected in intracellular vesicles in endothelial cells, suggesting that
some processing occurs in the constitutive secretory pathway. This may be mediated by ECE-2, a recently cloned
member of the E-24.11/ECE family which has an acidic pH optimum. Selective inhibitors of ECE may have
therapeutic applications in cardiovascular and renal medicine. BIOCHEM PHARMACOL 51;2:91-102, 1996.
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A number of regulatory peptides are critical to the mainte-
nance of vascular tone, including the angiotensins, bradyki-
nin, and ANPt. Membrane-associated metallopeptidases play
key roles in the post-secretory processing and metabolism of
vasoactive peptides. Examples include ACE, E-24.11 (neutral
endopeptidase), and several aminopeptidases. Inhibitors of
ACE are important anti-hypertensive agents and E-24.11 in-
hibitors may well have a role to play in cardiovascular medi-
cine [1, 2]. The endothelins comprise a new family of potent
vasoconstrictor peptides that may regulate vascular tone and
blood pressure [3, 4]. They have been implicated in the patho-
physiology of cardiovascular as well as renal and respiratory
diseases. Endothelin was originally identified in 1988 as a vas-
oconstrictor compound in the culture supernatant of porcine
aortic endothelial cells and was shown to be a 21-amino acid
peptide [5]. Subsequently, three distinct endothelin genes
have been identified encoding three closely related peptides,
ET-1, ET-2, and ET-3 [6].

Endothelins are synthesized constitutively by vascular en-
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1 Abbreviations: ACE, angiotensin converting enzyme; ANP, atrial natri-
uretic peptide; CTF, C-terminal fragment (of big endothelin-1); E-24.11,
endopeptidase-24.11; ECE, endothelin converting enzyme; ET-1, ET-2, and
ET-3, endothelin-1, -2, and -3, NEP, neutral endopeptidase; PR, phosphora-
midon; and RIA, radicimmunoassay.

dothelial or smooth muscle cells and appear to act as locally
produced peptide hormones in a paracrine fashion [4]. They
have been found in extravascular tissue including lung, pan-
creas and spleen, as well as in brain. ET-1 may play a role in
vascular modelling and regulation of cell proliferation through
its mitogenic activity, e.g. mediating cardiac growth and hy-
pertrophy [7). ET also acts on liver [8] where it can cause a
sustained increase in portal pressure, increased glycogenolysis,
and changes in liver O, consumption. Disruption of the ET-1
or ET-3 genes and mutations in the ET-B receptor gene have
suggested an important role for the endothelin peptides as
morphogens in a variety of developmental processes in humans
and mice [9-12]. In particular, a mutation in the ET-B recep-
tor gene has been implicated in Hirschsprung’s disease, which
is thought to be a developmental defect in innervation of the
colon [12]. The biosynthesis of the endothelins involves a
novel, perhaps unique, enzyme processing step catalysed by
“ECE” [5]. Current evidence implicates one or more phos-
phoramidon-sensitive membrane-associated metallopeptidases
in the production of the biologically active peptide [13]. Mo-
lecular cloning of metallopeptidase ECE has established it as a
member of the E-24.11 family [14-17]. ECE inhibitors may
complement the use of ET receptor antagonists in therapy and
could be of benefit in a range of disorders, such as hyperten-
sion, congestive heart failure, and stroke, and of various dis-



92

eases of the kidney [18, 19]. Recently, the role of endothelin
receptor antagonists was reviewed extensively [20], and the
present commentary will focus on the biochemistry and mo-
lecular pharmacology of the ECEs.

BIOSYNTHESIS OF ENDOTHELINS

Like many biologically active peptides, the endothelins are
initially synthesized as a much larger precursor, prepro-ET, of
approximately 200 amino acid residues {5]. After removal of
the signal peptide early in biosynthesis, the propeptide is
cleaved at pairs of basic amino acids to generate the interme-
diate big ET whose vasoconstrictor activity is approximately
two orders of magnitude less than that of ET itself. This pro-
cessing step is probably carried out by furin [21], a prohormone
convertase of the constitutive secretory pathway. The conver-
sion of big ET-1 to ET-1 and its CTF occurs via a unique
processing event that involves cleavage at the Trp?l-Val*?
bond, catalysed by ECE [5]. These processing events are sum-
marized in Fig. 1. The conversion of big ET-2 to ET-2 also
involves cleavage of a Trp-Val bond, but in big ET-3 the
scissile bond is Trp-Ile. There is evidence supporting both an
intracellular location for ECE and a plasma membrane loca-
tion where it could act as an ectoenzyme in a post-secretory
processing tole [15, 22-24]. There are precedents for such
post-secretory actions in hormone processing, e.g. in angioten-
sin, ANP, and glucagon [25] processing as well as in the pro-
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cessing of members of the pancreatic polypeptide family [26,
27]. The cell biology of ET processing, however, remains a
controversial area but is critical to understanding how endo-
thelin levels may be regulated. It is likely that isoforms of ECE
exist with distinct specificities for big ET-1, -2, and -3.

NATURE OF THE
ENDOTHELIN CONVERTING ENZYME

Since the discovery of ET in 1988, a variety of enzyme activ-
ities has been proposed as the physiological ECE, including
serine, thiol, metallo or aspartic proteinases. The primary spec-
ificity of ECE was assumed initially to be the tryptophanyl
residue in the P, position, implicating a chymotrypsin-like
cleavage in the processing [5]. Chymotrypsin itself, however,
will only cleave the Trp?!-Val?? bond following cleavage of
the Tyr’’-Gly** bond of big ET-1 [28]. Furthermore, chymo-
trypsin readily hydrolyses mature ET [28]. Wypij et al. [29]
have identified a chymostatin-sensitive serine protease in rat
lung able to process extracellular big ET-1 to ET-1. This ac-
tivity was identified as mast cell chymase 1, and the induced
degranulation of mast cells was shown to increase significantly
the processing of big ET-1 in a perfused rat lung preparation.
There is no evidence to date that this activity might be re-
sponsible for normal big ET processing.

For a period, aspartic proteases were considered as possible
ECE species. Initially, pepsin was shown to convert big ET to
a product with potent constricting activity on isolated rat
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FIG. 1. Outline of the steps involved in the processing of the human pre-
proendothelin-1 precursor to mature endothelin-1 and its C-terminal frag-
ment. Note that the intermediate step involving the hydrolysis of “big ET”
to ET catalysed by ECE is unique to this pathway.
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aorta, and HPLC separation of the products confirmed that
the correct cleavage had taken place [30]. Subsequently, Mat-
sumura and colleagues [31] reported the detection of a con-
verting activity with the characteristics of an aspartic protease
in cultured porcine aortic endothelial cells. The activity was
optimal at pH 4 and completely inhibited by pepstatin. A
series of reports then followed describing both membrane and
cytosolic aspartic protease converting activities in different
cells and tissues [32-36]. These included a cathepsin D-like
enzyme in bovine adrenal medulla and cultured bovine aortic
endothelial cells [33, 34]. Cathepsin D itself was shown to
cleave big ET at the critical Trp?!-Val** bond but also hydro-
lysed the Asp'®-Ile!” bond, resulting in a truncated, inactive
form of ET [37-39]. In contrast to cathepsin D, cathepsin E
was reported to cleave big ET exclusively at the relevant bond
to generate ET-1 and its C-terminal fragment [39]. In a sub-
sequent, detailed kinetic study, cathepsin E was shown to bind
all three endothelin precursors efficiently and cleave them to
generate the endothelin products ET-1, ET-2, and ET-3 [40].
The K, values for big ET-1, big ET-2, and big ET-3 were
comparable (8-20 uM) and k_,, values were virtually identical
(0.10-0.14 sec™?!), although the pH optimum for conversion of
big ET-3 was somewhat lower. However, the use of cathepsin
E inhibitors in vivo failed to provide confirmatory evidence for
a physiological role for this enzyme in ET production [41].
Furthermore, incubation of vascular endothelial cells with
pepstatin neither altered the ratio of ET-1 to big ET-1 nor the
secretion of either peptide [42]. A further problem with a role
for aspartic proteases in the processing pathway is the local-
ization of the cathepsins in the acidic milieu of lysosomes,
which is not consistent with the processing of the ET precursor
through the constitutive secretory pathway. A thiol protease
has also been reported to convert big ET to ET in primary
aortic endothelial cells, but this activity was cytosolic in lo-
cation, again inconsistent with an involvement in the secre-
tory pathway [43]. Others have also identified a thiol protease
mediating the conversion [44]. The plethora of activities that
have been described in endothelial and other cells capable of
catalysing big ET conversion illustrates the problem inherent
in identifying a physiologically relevant converting enzyme.
The genuine ECE must be located in the correct cellular com-
partments with the appropriate topology and specificity to
mediate ET production exclusively and efficiently. A careful
evaluation of the cell biology of ET processing could have
avoided the proliferation of reports of irrelevant activities. The
subsequent discussion in this commentary will deal exclusively
with metalloprotease forms of ECE.

A PHYSIOLOGICALLY
RELEVANT METALLOPROTEASE ECE

The key to identification of a metalloprotease ECE was the use
of the compound PR [(N-a-rhamnopyranosyl-oxyhydroxy-
phosphinyl)-Leu-Trp], originally identified as a potent inhib-
itor of the bacterial zinc protease thermolysin [45] and subse-
quently as an equally potent (K; = 2 nM) and specific inhibitor
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FIG. 2. Postulated mode of binding of the inhibitors phospho-
ramidon (a), and thiorphan (b), to the active site of endopepti-

dase-24.11. Active site residues identified by site-directed mu-
tagenesis are indicated.

of the mammalian plasma membrane zinc peptidase, E-24.11
[46]. Note, however, that PR is not a general zinc-peptidase
inhibitor, having no effect, for example, on the matrix me-
talloproteinases or on ACE. The postulated mode of binding
of PR to E-24.11 is shown in Fig. 2, together with critical
residues in the active site of the enzyme that have been iden-
tified by site-directed mutagenesis [1, 2]. A number of other
potent inhibitors of E-24.11 have been synthesized [see, for
example, Refs. 1 and 2] of which the best described is thior-
phan (2-benzyl-3-mercaptopropionylglycine), also shown in
Fig. 2 [47]. Numerous studies have now shown that PR at
micromolar concentrations is able to inhibit exogenous big ET
conversion in vivo and also in vitro in cultured cells. Thus, PR
has been shown to inhibit the release of ET-1 from endothelial
cells and to alter the ET-1:big ET-1 ratio in medium and
intracellularly in a manner consistent with inhibition of con-
version of big ET to ET [42, 48-51]. Administration of PR in
vivo has also been shown to inhibit big ET conversion and the
big ET-1 pressor response, but not the pressor response ob-
rained with ET-1 [41, 52-54]. The majority of studies have
failed to show an effect of other E-24.11 inhibitors (particu-
larly thiorphan) on big ET conversion in vivo or in vitro [see,
for example, Refs. 41 and 55]. However, McMahon et al. [53]
have reported inhibition of the big ET pressor response by
thiorphan, although PR was substantially more potent. The
reported differences in thiorphan effects in vivo may reflect
dosage differences since partially purified porcine lung ECE is
inhibited by thiorphan with an I5; of 200 pyM (Murphy L] and
Turner AJ, unpublished observations), whereas the K, for
E-24.11 is 2.3 nM [1]. All these observations have raised the
possibility that ECE may be structurally and catalytically sim-
ilar to E-24.11 but with diminished sensitivities to PR and
thiorphan. Since PR is a metabolically stable, phosphorylated
sugar derivative and unlikely to enter cells at an appreciable
rate, it also raised the possibility that the conversion of big ET
to ET may take place, at least in part, at the extracellular face
of the plasma membrane, analogous to the production of the
vasoconstrictor angiotensin Il from angiotensin I [13].
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E-24.11 AS A MODEL FOR ECE

The renal and intestinal brush border membranes have proved
valuable model systems for the isolation and characterization
of mammalian metallopeptidases [see, for example, Ref. 56].
The only endopeptidase in the renal brush border of pig and
humans is the metallopeptidase E-24.11 (EC 3.4.24.11),
which, like ACE, is a membrane glycoprotein existing as an
ectoenzyme [56). It therefore has the correct topology to pro-
cess or metabolize released or circulating peptides. E-24.11 has
a broad substrate specificity inactivating, among others, en-
kephalins (hence, its alternative nomenclature “enkephali-
nase”), tachykinins (e.g. substance P), cholecystokinin and
atrial natriuretic peptides [2, 57, 58]. The enzyme is also often
referred to as NEP, and its current approved enzyme nomen-
clature is “neprilysin.” E-24.11 hydrolyses bonds on the amino
side of hydrophobic residues, e.g. the Gly’-Phe* bond of en-
kephalins [57, 58]. Therefore, it would be a candidate for
cleavage of the Trp?!-Val*? bond of big ET at the extracellular
face of the plasma membrane. The PR sensitivity of ET con-
version both in vivo and in vitro therefore suggests a similarity
with mammalian E-24.11 and bacterial thermolysin.

IS E-24.11 AN
ENDOTHELIN CONVERTING ENZYME?

A number of reports have shown that E-24.11 degrades ET-1
efficiently [for example, Refs. 59 and 60}, and this has tended
to discount E-24.11 as a physiological ECE activity generating
ET-1 from big ET. Indeed, a recent report [61] purported to
show that recombinant E-24.11 was unable to generate ET-1
from big ET. Our own studies refute that conclusion and show
that immunoreactive ET-1 and the C-terminal fragment are
generated from big ET by purified E-24.11 [62]. Thermolysin
converts big ET to ET-1 even more efficiently and indeed may
be a more useful model for ECE action than is E-24.11 [62],
particularly since crystal structures are available for thermol-
ysin—inhibitor complexes [63, 64]. Although the ET-1 product
from big ET-1 cleavage is degraded further by both thermol-
ysin and E-24.11, significant steady-state levels of ET-1 remain
detectable. This observation has important implications for
much of the published literature on ECE. Any PR-sensitive
“ECE” activity detected in membrane preparations could be
attributable, at least in part, to E-24.11. Unless E-24.11 activ-
ity is selectively blocked by thiorphan (which does not inhibit
ECE significantly at 10 uM), measurements of ET-1 genera-
tion will reflect the combined activities of several PR-sensitive
enzymes. ECE can also be separated effectively from E-24.11
by immunoaffinity chromatography [65] or by isoelectric fo-
cusing [66].

MOLECULAR CHARACTERIZATION
OF METALLOPROTEASE ECE ACTIVITIES

One of the first reports of an endothelin converting activity
optimal at neutral pH was made by Ohnaka et al. [67], who
identified such an enzyme in cultured bovine aortic endothe-
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lial cells. This activity was membrane-associated, inhibited by
the metal chelators EDTA and EGTA, and insensitive to in-
hibitors of other classes of proteases. Okada et al. {68], how-
ever, first established the presence in endothelial cells of a
membrane-bound PR-sensitive, thiorphan-insensitive metal-
loprotease, implicating an E-24.11-like activity that was dis-
tinct from E-24.11 itself. This activity was particularly sensi-
tive to pH, with a sharp pH optimum around pH 7.0 [68].
Numerous other studies have subsequently reported similar
findings of an endothelial phosphoramidon-sensitive metallo-
protease ECE activity, both in the cytosol and in membrane
fractions [see, for example, Refs. 50 and 69-71]. The signifi-
cance of the cytosolic form and whether it is derived from the
membrane form are still unknown. Evidence has also been
presented for the presence of a membrane-bound phosphora-
midon-sensitive ECE in smooth muscle cells [72], a conclusion
previously reached in Ref. 73. Human polymorphonuclear leu-
kocytes also appear to possess a PR-sensitive ECE [74]. [t took
a further 3 years before the appearance of the first reports of
purification of ECE to homogeneity, a consequence of the
relatively low specific activity of ECE in endothelial and other
cell lines and in tissue preparations. Purification was also hin-
dered by the lack of a suitably sensitive and rapid assay for the
enzyme. Small fluorogenic peptides mimicking the region
around the scissile bond are not hydrolysed by ECE, and assays
have generally depended on the more time-consuming mea-
surement of ET-1 production from big ET-1, monitoring this
product by HPLC, RIA or enzyme immunoassay, or scintilla-
tion proximity assay. Initial purification of ECE to homoge-
neity was reported from rat lung [75] and from porcine aortic
endothelium [76].

The rat enzyme was purified some 6300-fold from a lung
“microsomal” preparation following solubilization with Triton
X-100 [75]. The highly glycosylated nature of ECE was ex-
ploited in the use of lectin {wheat germ agglutinin) chroma-
tography, followed by zinc-chelating Sepharose and Blue
B-agarose. The purified protein was apparently homogeneous
on reducing SDS-PAGE with an apparent M. of 130,000,
whereas E-24.11 migrates as a protein of M, 90,000-100,000.
Gel filtration of purified ECE on Superose 6 indicated a pro-
tein of M, 170,000-190,000. ECE exhibits a number of prop-
erties consistent with it being an amphipathic integral trans-
membrane protein. In particular, the enzyme from porcine
lung partitions predominantly into the detergent-phase after
phase-separation in Triton X-114 (Murphy L] and Turner AJ,
unpublished observations), a characteristic typical of an inte-
gral membrane protein [77, 78]. It is not released from the
membrane by phosphatidylinositol-specific phospholipase C,
indicating that it is not a glycolipid-anchored membrane pro-
tein (Murphy L] and Turner AJ, unpublished observations),
unlike two other zinc membrane peptidases: aminopeptidase P
and membrane dipeptidase {79, 80].

The purified, porcine aortic endothelium ECE exhibits
characteristics similar to the rat lung enzyme, a purification
factor of 12,000-fold being required to achieve homogeneity
[76]. An apparent M, of 120,000 was observed for the protein
on reducing SDS-PAGE and 131,000 on sucrose density gra-
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dient centrifugation. More recently, bovine adrenal cortex has
been shown to be a relatively good source of ECE activity [15]
from which it has been purified approximately 3000-fold as a
glycoprotein of M, 126,000 on reducing SDS-PAGE, by
adopting a procedure similar to that described by Takahashi et
al. [75].

Another useful source of ECE has derived from the use of
transformed endothelial cell lines. The human cell line
EA.hy926, is a hybrid resulting from fusion of primary human
umbilical vein endothelial cells with a continuous human ep-
ithelial cell line (A549), originally derived from a human lung
carcinoma [81]. EA.hy926 cells exhibit sustained expression of
many differentiated functions of the epithelium, although they
do not express ACE [82], unlike the parent endothelial cell
line. The EA hy926 line expresses ET-1 mRNA and has been
shown to secrete big ET-1 and ET-1 into the culture medium,
in a phosphoramidon-sensitive manner [83]). This cell line
contains a metallopeptidase ECE that, on subcellular fraction-
ation, appears to be associated predominantly with a plasma
membrane fraction as an ectoenzyme [24, 66}. We have shown
by phase-separation in Triton X-114 that ECE, in EA.hy926
cells, is an integral, transmembrane protein and can be co-
immunoprecipitated from membranes by an antibody to ami-
nopeptidase N, another integral membrane protein ([82];
Barnes K, Murphy L] and Turner AJ, unpublished observa-
tions), again suggesting that a proportion of ECE is associated
with the plasma membrane, but none of the above data ex-
cludes the possibility that some ECE activity is associated with
vesicular or other intracellular membrane compartments. In-
triguingly, the partially purified ECE from EA.hy926 cells
could be renatured and assayed after non-reducing SDS-
PAGE and was shown to migrate as a protein of M, 280 kDa
[24], consistent with a M, of 250 kDa observed after gel fil-
tration [24, 66]. In these cells, therefore, ECE is apparently
twice the size of that reported in porcine aortic endothelium
and lung. Schmidt et al. [17] have purified ECE from a mem-
brane preparation of a permanent bovine endothelial cell line,
FBHE. The cells were first incubated in the presence of 107* M
PR for 48 hr before harvesting, a procedure that increased the
specific activity of ECE 10-fold, hence considerably aiding
purification. This represents the first demonstration that ECE
may be an inducible enzyme. These and other authors have
also established unequivocally by SDS-PAGE under reducing
and non-reducing conditions that bovine endothelial ECE ex-
ists as a disulphide-linked dimer, each subunit being of M,
120,000 [17, 84]. Covalent association of subunits is relatively
uncommon among the membrane peptidase, although meprin
and membrane dipeptidase are similarly organized [85-87]. It is
interesting that E-24.11, when subjected to gel filtration, mi-
grates as a dimer held together by non-covalent interactions
between the globular domains [88] and a number of other
brush border membrane hydrolases behave similarly [89]. En-
dothelial ACE, on the other hand, is monomeric but is inter-
nally duplicated with two active sites and hence can be
thought of in functional terms as a pseudodimer [90].
Danielsen [91] has recently discussed the oligomeric assembly
of plasma membrane glycoproteins.
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MOLECULAR CLONING OF ECE

The purification of ECE by several groups in 1993 rapidly led to
the molecular cloning and sequencing of the enzyme. Partial
amino acid sequence data obtained for the rat lung enzyme were
used to derive probes for screening a vascular endothelial cell
cDNA library [14]. A similar strategy was used for cloning of the
bovine ECE cDNA after purification of the enzyme from adrenal
cortex [15]. Subsequently, the bovine aortic endothelial [16, 17]
and human placental [17] ECE cDNAs have been obtained. All
five predicted protein sequences are strikingly similar apart from
some differences in the N-terminal region in two [15, 16] of the
three bovine sequences that have been reported. Figure 3 indi-
cates the predicted topology of the protein. Like E-24.11, ECE is
a type Il integral membrane protein with a short N-terminal
cytoplasmic tail, a transmembrane hydrophobic domain that rep-
resents the uncleaved signal peptide, and a large putative extra-
cellular domain containing the catalytic site and the motif
HEXXH typical of many zinc peptidases, e.g. E-24.11 and ACE
[10, 92-94]. ECE-1 is a highly glycosylated protein (approxi-
mately 33% carbohydrate) with 10 putative N-linked glycosyla-
tion sites and shows significant homologies, particularly in the
C-terminal region, to both E-24.11 and the erythrocyte blood
group antigen Kell [95, 96]. All three proteins also contain a
cluster of four conserved cysteine residues in a 32 amino acid
sequence immediately following the predicted transmembrane
domain, a structural feature also seen in the brush border hydro-
lases, sucrase-isomaltase and y-glutamyl transpeptidase {97, 98].
The N-terminal cytoplasmic domain of bovine ECE reported by
Schmidt et al. [17] is highly similar (>92%}) to the rat and human
sequences [14, 17]. The lack of homology in the N-terminal 32
amino acids of the other two reported bovine ECE sequences [15,
16] might indicate an isoform of ECE but is attributed by Schmidt
et . [17] to the misinterpretation of incorporated intronic se-
quences, hence not reflecting the true amino acid sequence in
this short region. However, it is unlikely that two independent
groups [15, 16] have made identical cloning errors. Thus, it is
likely that distinct subunits of ECE do exist, differing substan-
tially only in their cytoplasmic domains, perhaps as a result of
differential splicing. The “short” form (51-52 residues in the
cytoplasmic domain) originally reported by Shimada et al. [14]
and subsequently by Schmidt et al. [17] we designate the o sub-
unit and the “longer” form (56 cytoplasmic residues) [15, 16] the
B subunit. It is conceivable that both homo- and hetero-dimers of
ECE (oo, off, BB) may occur and differ in targeting, localization
and some other properties. All forms of ECE show >95% homol-
ogy in amino acid sequence in their putative extracellular do-
mains.

In addition to the conserved HEXXH motif, some addi-
tional essential catalytic residues are conserved between
E-24.11 and ECE. Site-directed mutagenesis has shown the
presence in the E-24.11 active site of two residues, Arg'°* and
Arg™7 involved in substrate binding (Fig. 2) [99, 100]. Arg'®
is conserved in ECE, but Arg’*" is replaced in ECE by a glu-
tamyl residue whose importance for substrate binding remains
to be established. The third zinc ligand in E-24.11, Glu®*®
[101], is also conserved in ECE. The erythrocyte Kell protein
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FIG. 3. Top panel; Proposed topology of ECE as a dimeric type Il integral membrane protein based on
the predicted protein sequence. The ten putative glycosylation sites in the protein are indicated in the
extracellular domain. The dimeric structure of ECE is proposed in refs. 17 and 84; the precise location
and number of disulphide bonds are unknown; Bottom panel; Domain structure of rat endothelial ECE
indicating the presence of the amphipathic membrane-spanning domain (hatched box), the zinc motif
(striped box), putative N-linked glycosylation sites (indicated by N), and cysteine residues ( ®, conserved

between ECE and E-24.11; O, non-conserved).

[95] retains zinc ligands equivalent to those in ECE and
E-24.11, but Arg'®? and Arg™" are not conserved. No pepti-
dase or proteinase activity has yet been reported for Kell, and
its functional significance on the surface of erythrocytes is
unknown. E-24.11 is also expressed on some blood cells, con-
stitutively on neutrophils [102] and at a high level on the
lymphocyte cell surface in the majority of acute lymphoblastic
leukaemias where it is often referred to as the “common acute
lymphoblastic leukaemia antigen” {(CALLA) or CDI10 [103-
105]. It is presumed to play a role in the differentiation or
maturation of haemopoietic cells by hydrolysis of as yet un-
identified immunoregulatory peptides.

Analysis of the tissue distribution of ECE mRNA by North-
ern blot analysis [14—17] reveals abundant expression of the
protein in lung, pancreas, placenta, adrenal gland, ovary and
testis. In situ hybridization analysis has confirmed the presence
of ECE mRNA in vascular endothelial cells in various tissues
including heart, lung, liver, brain, pancreas, kidney and adre-
nal [15]. Thus, ECE is relatively broadly distributed, consistent
with the wide distribution of preproET-1 and in contrast with
the more restricted distribution of E-24.11, which is highly
abundant in the renal and intestinal brush borders and some
cells of the immune system but found at very much lower
levels in other tissues [see, for example, Ref. 106]. The high

levels of ECE mRNA in lung and placenta are consistent with
these being endothelium-rich tissues, but the abundance of
ECE mRNA in pancreas [17] may reflect additional processing
roles for the enzyme. It is worth commenting that ECE,
E-24.11 as well as ACE are all expressed in cells of the male
and female reproductive tracts, although their physiological
functions at these locations are unknown. In the case of ECE,
it may relate to the developmental roles of the endothelin
peptides.

SUBSTRATE SPECIFICITY

AND INHIBITION OF ECE

Studies on ECE from various cell lines and tissues reveal some
distinctive features of its specificity. In all cases, the conver-
sion of big endothelin substrate is limited to the production of
endothelin, and no subsequent degradation occurs. No other
biologically active peptides or their precursors have yet been
identified as substrates for ECE. There are marked differences
reported in the ability of purified, or cloned and expressed,
ECE to process the three different big ET isoforms. The ECE
activity partially purified from EA.hy926 cells was reported to
process human big ET-1 much more efficiently than human
big ET-2 (V,,.../K,, = 0.09 relative to big ET-1); there was no
appreciable activity detectable towards big ET-3 {24]. Most of
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the cloned and expressed ECE proteins showed a similar spec-
ificity, converting big ET-2 poorly and failing to convert big
ET-3 [14, 17]. However, bovine endothelial ECE ¢cDNA de-
scribed by Xu et al. [15], when expressed in CHO cells, pro-
cessed all three big endothelin substrates, with the conversion
of big ET-1 > big ET-3 > big ET-2 [15]. This could reflect a
genuine specificity difference. Nevertheless, most data now
support the occurrence of isozymes of ECE, in particular a form
with preference for the processing of big ET-3. Smooth muscle
cells may also possess a distinct form of ECE. With the suc-
cessful cloning of ECE, other members of the ECE family
should now be identified rapidly. Indeed, in anticipation of
such discoveries, Xu et al. [15] referred to their initial cloned
ECE species as ECE-1, and this nomenclature has been
adopted by others [17, 66].

Other key features of ECE specificity have emerged as a
result of detailed studies on the purified enzymes. Some of
these are highlighted in Fig. 4. The N-terminal disulphide-
loop structure in big ET-1 [i.e. big ET-1 (1-15)] appears to
hinder convetsion since truncated forms have substantially
higher specific activity, big ET-1 (16-37) showing about
3-fold greater activity [76]. A minimum sequence of IIW on
the amino side of the scissile bond is all that is required for
efficient cleavage [107], and replacement of the valyl residue
in the P,” position by phenylalanine enhances cleavage sub-
stantially [76]. The expression of mutant preproendothelins in
Xenopus oocytes has also shown that there is no strict require-
ment for Trp-Val at the processing site [108]. C-terminal ex-
tension of the substrate sequence is essential, and comparison
of C-terminally truncated peptides has shown that the C-ter-
minal region at residues 32-37 appears to play an important
part in the recognition of big ET-1 by endothelial ECE since
big ET-1 (1-31) is not cleaved by ECE [15, 76, 107]. The

(b}
big ET-1(18-38)

- DIIWVNTPEHVVPYGLGSPRS
big ET-2(18-37) - DIIWVNTPEQTAPYGLGNPP
big 27-3(18-41) - DIIWINTPEQTVPYGLSNYRGSFRa

[Phe22 Jbrg ET-1(18-34} - DIIWENTPEHVVPYGLG

FIG. 4. ( a) Sequence of human big ET-1; the peptide bond
hydrolysed by ECE is indicated by the arrow. The shaded
N-terminal residues correspond to ET-1. (b) Partial sequences
of big ET-1, big ET-2, and big ET-3 critical to the specificity of
hydrolysis by porcine aortic endothelial ECE. The synthetic
peptide [Phe®*[big ET-1 (18-34) is hydrolysed approximately
12 times more efficiently than big ET-1 itself [74]. Note that the
large N-terminal, disulphide-bonded region of ET-1 is not es-
sential for efficient catalysis, but an extended C-terminal do-
main is critical. The one-letter code for amino acids is used;
a = amide.
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peptide [Phe??] big ET-1 (18-34) exhibits 12-fold higher spe-
cific activity than big ET-1 itself and may be a useful synthetic
substrate for assay of ECE [76]. The key determinant of spec-
ificity between big ET-1, big ET-2 and big ET-3 appears to
reside in residues 27-29, being, respectively, HVV (big ET-1),
QTA (big ET-2) and QTV (big ET-3). The scissile bond in big
ET-3 is W-I rather than W-V, and the C-terminal sequence in
big ET-3 is completely different from big ET-1 and big ET-2,
whereas there is moderate conservation in big ET-1 and big
ET-21. The K, of purified ECE for big ET-1 is reported to be in
the range of 0.2 UM (rat lung [75]) to 23 uM (recombinant
human enzyme [17]).

There are limited reports on requirements for efficient in-
hibition of ECE. PR is several orders of magnitude less potent
on ECE than on E-24.11. A K; of 3.5 uM for PR was estimated
for the ECE from EA.hy926 cells [24]. L5 values for PR range
from 0.35 pM (rat lung ECE [14]) to 0.8 uM (porcine aortic
endothelial ECE [76]). Thiorphan is reported to inhibit ECE
weakly (Isg > 100 uM) or not at all. Other potent E-24.11
inhibitors, including kelatorphan, S(28603, SCH 32516, and
SCH 39370, exhibit no significant inhibitory effects on por-
cine lung ECE at concentrations of up to 100 pM (Murphy L]
and Turner AJ, unpublished observations). Features that are
important for selectivity of ECE over E-24.11 include the in-
troduction of a P; unit (which is lacking in phosphoramidon
and thiorphan), and the prototype compound, 3-(1-naphthyl)-
1-phosphonopropyl-L-leucyl-L-tryptophan, represents one of
the most potent ECE inhibitors reported in the literature (I5,
= 0.26 pM) and shows 400-fold greater ECE/E-24.11 selectiv-
ity than does PR [109]. Because of the much wider substrate
specificity of E-24.11 compared with ECE, it may prove diffi-
cult to eliminate E-24.11 inhibitory activity from any ECE
inhibitor. However, a potent, dual inhibitor of ECE and
E-24.11 that could simultaneously maintain ANP levels and
inhibit ET-1 production may be beneficial. De Lombaert et al.
[110] have reported recently a pharmacological profile of such
a dual inhibitor (CGS 26303), which displays an I5; of 0.1 nM
for E-24.11 and 1.1 uM for ECE.

CELL BIOLOGY OF ENDOTHELIN PROCESSING

The sequence similarities of ECE with E-24.11 and Kell imply
that ECE possesses a similar topology and location and should
exist, therefore, as an ectoenzyme converting big ET-1 to ET-1
at the extracellular face of the plasma membrane. Immunocy-
tochemical studies of ECE-1 localization in endothelial cells
support this conclusion [84]. The ability of PR to inhibit con-
version of exogenously administered big ET-1 to ET-1 is also
consistent with this interpretation [52-55, 111]. This latter
study [111] also demonstrated that the removal of big ET-1
from the circulation is not dependent on its prior conversion
to ET-1. Since ECE has also been identified on smooth muscle
cells [72, 73], the conversion event could occur either imme-
diately upon secretion of big ET-1 from endothelial cells or at
the surface of smooth muscle cells in the vicinity of endothelin
receptors. The observation that removal of the endothelium
does not affect the vasoconstrictor activity of big ET-1 in the
rat mesentetic artery, nor its inhibition by PR, provides some
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support for the latter concept [112]. Endogenous big ET, how-
ever, may be processed by a different route from the exoge-
nously provided precursor, and other data are supportive of
intracellular conversion of big ET-1 to ET-1. Thus, the de-
tailed cell biology of endothelin processing remains controver-
sial. Processing of proendothelin to big ET presumably begins
in the constitutive secretory pathway in endothelial cells, but
little else is known with any certitude. Both big ET and fully
processed ET appear to be present within the cell, and we have
detected immunoreactive ET-1 in a vesicular fraction within
bovine endothelial cells [113]. In an attempt to identify the
location of big ET processing, Xu et al. [15] conducted a set of
double-transfection studies. These authors concluded that a
portion of expressed ECE-1 is located as an ectoenzyme at the
cell surface where it can cleave exogenous big ET, albeit in-
efficiently. The majority of the ECE activity was suggested to
be located intracellularly in a membrane-bound compartment,
possibly the Golgi, where efficient conversion occurs because
of co-localization and concentration of enzyme and substrate.
The apparent sy for phosphoramidon inhibition of endoge-
nous big ET conversion by intact cells was only approximately
100 uM in this system, whereas for exogenous conversion, or
with purified ECE, the 15, was approximately 1 pM. Thus, PR
has only limited access to the intracellular compartment, con-
sistent with its structure as a phosphorylated sugar derivative.
One caveat remains for this set of data: over-expression of
ECE-1 ¢cDNA in a cell line may result in an accumulation of
ECE-1 protein in the Golgi [84]. Other data, however, also
support an intracellular location for some of the endogenous
processing of big ET-1. Most studies of cultured cells [for ex-
ample, Refs. 48 and 49] demonstrate the release of mainly
ET-1 rather than its precursor, and high concentrations (100
uM) of PR are required to inhibit this intracellular conversion
[48]. The demonstration that ECE-1 protein can be induced by
culturing in the presence of high (100 uM) concentrations of
PR [17] also suggests that the induction is mediated by inhi-
bition of intracellular rather than cell-surface ECE. It is pos-
sible that the same ECE protein mediates both intracellular
and cell-surface conversions, although the presence of more
than one enzyme in the cell cannot be excluded. A recently
cloned ECE-2, homologous with ECE-1 and E-24.11 but with
an acidic pH optimum, may have a role to play in intravesic-
ular processing [114]. If ECE-1 is located partly in the Golgi,
as suggested in Ref. 15, this is in marked contrast to the lo-
cation of E-24.11, implying that distinct targeting signals are
present within the two proteins, ECE-1 possessing a signal for
Golgi retention absent from E-24.11. Construction of chimeric
E-24.11/ECE proteins may help to identify any such signals
that may reside in the distinct cytoplasmic domains of the
putative o and P subunits of ECE.

One possibility that has not been considered to date is that
caveolae may be a site of endothelin processing. Caveolae are
plasma membrane invaginations that can close off to form
non-clathrin-coated vesicles [115, 116]. These vesicles are ex-
tremely abundant in endothelial and smooth muscle cells and
contain high concentrations of a coat protein, caveolin, and
many GPl-anchored membrane proteins [117]. ACE has been
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reported to be localized to the plasma membrane and to ca-
veolae in pig aortic endothelial cells in culture [118], and the
endothelin ET 5 receptor clusters in caveolae on binding its
ligand and can be co-immunoprecipitated with caveolin [119].
Since procedures are now available for the isolation of cave-
olae [120, 121], this question can also be readily addressed.

UNANSWERED QUESTIONS

In the last 12 months very striking advances have been made
in our understanding of the novel processing event that occurs
in the production of mature endothelin. ECE has been defined
as a phosphoramidon-sensitive, integral membrane metallo-
proteinase belonging to the E-24.11/Kell family. Since E-24.11
may play an important role in ET degradation in vivo [122], it
is intriguing that these two evolutionarily related proteins play
consecutive roles in ET metabolism. Phosphoramidon-sensi-
tive, E-24.11-related proteins have been found in diverse spe-
cies including mammals, insects [123, 124], Aplysia [125], and
Mytilus edulis [126]. It will be fascinating to know whether
ECE is a much more recently evolved protein reflecting its
highly restricted physiological role. In addition to the prob-
lems discussed above on the precise location of endothelin
production, many questions remain to be resolved. How many
ECE species are there and, on a wider issue, how many further
members of the mammalian E-24.11/ECE/Kell gene family re-
main to be discovered? What endogenous factors regulate the
expression of ECE? What are the locations and functions of
other ECE isoforms? [s there any role for any of the non-
metalloprotease ECE activities that have been reported in ei-
ther normal or pathological situations? What is the signifi-
cance of the intermediate production of big ET in endothelin
processing? Does big ET itself have some physiological role?
Does ECE hydrolyse any other known regulatory peptide, im-
plying a wider physiological role for the enzyme? This question
is particularly important in relation to the use of ECE inhib-
itors in clinical medicine. What are the structural features that
permit a very broad substrate specificity for E-24.11, yet a
highly restricted one for ECE? Unfortunately, the very highly
glycosylated and amphipathic nature of ECE is likely to render
any detailed structural determination of the protein impracti-
cable at present, particularly since there has been no report of
successful crystallization of the less glycosylated E-24.11. How-
ever, site-directed mutagenesis and construction of chimaeric
enzymes may again help to clarify specificity features. If earlier
reports of a scluble form of PR-sensitive ECE can be confirmed
[for example, Ref. 50], then this species may be more amenable
to a detailed structural study. And, finally, are ECE inhibitors
going to prove of value therapeutically, and for what disease
conditions! The discovery of potent, non-peptide, endothelin
receptor antagonists [127] has already taken some of the lime-
light away from ECE. Selective and potent ECE inhibitors are
now needed to address many of the above questions.
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work on ECE and the Medical Research Council and the Wellcome Trust
for support of other work on membrane peptidases. We should also like to
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Note added in proof: An additional human ECE ¢cDNA sequence has
now been reported (Shimada K, Matsushita Y, Wakabayashi K, Ta-
kahashi M, Matsubara A, lijima Y and Tanzawa K, Cloning and
functional expression of human endothelin-converting enzyme
cDNA. Biochem Biophys Res. Commun, 207: 807-812, 1995). This
provides further support for the concept of “short” and “long” forms
of ECE subunits. This human clone predicts 56 cytoplasmic residues
that show 77% homology with the larger bovine forms [14, 16] but no
significant homology to the shorter rat, human, and bovine forms in
the first 32 amino acids.
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