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1 We have examined a series of novel phosphinic peptides as putative potent and selective inhibitors of
endopeptidase 3.4.24.16.

2 The most selective inhibitor, Pro-Phe-¥(PO,CH,)-Leu-Pro-NH, displayed a K; value of 12 nM
towards endopeptidase 3.4.24.16 and was 5540 fold less potent on its related peptidase endopeptidase
3.4.24.15. Furthermore, this inhibitor was 12.5 less potent on angiotensin-converting enzyme and was
unable to block endopeptidase 3.4.24.11, aminopeptidases B and M, dipeptidylaminopeptidase IV and
proline endopeptidase.

3 The effect of Pro-Phe-¥(PO,CH,)-Leu-Pro-NH,, in vitro and in vivo, on neurotensin metabolism in
the central nervous system was examined.

4 Pro-Phe-¥Y(PO,CHH,)-Leu-Pro-NH, dose-dependently inhibited the formation of neurotensin 1-10
and concomittantly protected neurotensin from degradation by primary cultured neurones from mouse
embryos.

5 Intracerebroventricular administration of Pro-Phe-¥(PO,CH,)-Leu-Pro-NH, significantly potentiated
the neurotensin-induced antinociception of mice in the hot plate test.

6 Altogether, our study has established Pro-Phe-¥(PO,CH,)-Leu-Pro-NH, as a fully selective and
highly potent inhibitor of endopeptidase 3.4.24.16 and demonstrates, for the first time, the contribution

of this enzyme in the central metabolism of neurotensin.
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Introduction

Unlike other classical neurotransmitters, physiological clear-
ance of neuropeptides is thought to be due to proteolytic en-
zymes (for reviews see Turner et al., 1985; McKelvy &
Blumberg, 1986; Littlewood et al., 1988; Checler, 1991). Our
previous studies indicated that endopeptidase 3.4.24.16, an
oligopeptidase widely distributed within central and peripheral
tissues (Checler et al., 1989), was mainly responsible for the
catabolism of the tridecapeptide neurotensin, in vitro (Checler
et al., 1988). Several lines of evidence suggest that this enzyme
also contributes to the physiological termination of the neu-
rotensinergic signal in the periphery. Thus, the dipeptide Pro-
Ile, described as the first fully selective inhibitor of en-
dopeptidase 3.4.24.16 (Dauch et al., 1991b), significantly po-
tentiated the venous recovery of intact neurotensin after its
infusion in the vascularly perfused ileum of the anaesthetized
dog (Barelli ez al., 1994). This was accompanied by a con-
comittant decrease in the formation of the endopeptidase
3.4.24.16-derived neurotensin degradation product, neuro-
tensin 1-10 (Barelli ez al., 1994). However, the low affinity of
Pro-Ile for endopeptidase 3.4.24.16 precluded its use in the
central nervous system, where bolus intracerebrovascular ad-
ministration would have necessitied high concentrations of the
dipeptide, i.e. far above its threshold of solubility. These ob-
servations have led us to search for highly soluble, bioavailable,
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potent and selective inhibitors of endopeptidase 3.4.24.16. In-
itially, we showed that phosphonamide peptides behaving as
mixed inhibitors of endopeptidase 3.4.24.15 and endopeptidase
3.4.24.16 (Barelli et al., 1992) greatly potentiated the neuro-
tensin-induced antinociception of mice in the hot plate test
(Vincent et al., 1995). Later, a new systematic approach based
on the chemistry of phosphinic peptides allowed us to design
the first highly potent endopeptidase 3.4.24.16 inhibitor
(K;=4 nM, Jiracek et al., 1996). Interestingly, this inhibitor
Pro-Phe-¥(PO,CH,)-Gly-Pro (P22) was 2000 times less potent
on another neurotensin-cleaving activity, endopeptidase
3.4.24.15 and therefore, appeared to be the first inhibitor able
to discriminate between these two related peptidases (Jiracek et
al., 1996). However, P22 still behaves as a potent blocker of the
angiotensin-converting enzyme (ACE). Here we describe a
novel phosphinic peptide, Pro-Phe-¥(PO,CH,)-Leu-Pro-NH,
(P33) that appears about 500 fold less potent than P22 on ACE.
This agent, that is the very first highly potent and fully selective
inhibitor of endopeptidase 3.4.24.16, fully prevents the for-
mation of neurotensin 1—10 by primary cultured neurones
from mouse embryos and drastically potentiates the neuro-
tensin-induced analgesia of the mouse tested on a hot plate.

Methods

Purification of endopeptidase 3.4.24.16 and
endopeptidase 3.4.24.15

Rat brain endopeptidase 3.4.24.16 and endopeptidase
3.4.24.15 were purified as previously described (Checler et al.,
1986b, Barelli et al., 1991).
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Preparation of rat brain homogenates

Rats were decapitated, the brain immediately removed and
homogenized by polytron at 4°C in 5 mMm TrisHCI, pH 7.5.
Protein concentrations were adjusted to 10 mg ml~!' in the
same buffer.

Primary cultures of neurones from mouse embryos

Primary cultures of neurones were prepared from the cere-
bral hemispheres of 14 day-old mouse embryos as previously
described (Chabry er al., 1990). Briefly, cells were mechani-
cally dissociated with a pipette in HAM F12 medium sup-
plemented with 10% foetal calf serum and 0.6% glucose.
Dissociated cells were then plated at a density of 3 x 10° cells
in 35 mm plastic tissue culture dishes precoated with poly-
lysine (10 ug ml~') and grown in a humidified atmosphere
of 5% CO,, 95% air. At the beginning of the third day and
every two days thereafter, cytosine arabinofuranoside (5 um)
was added in the medium for 24 h to prevent glial cell
proliferation. We previously established that these neuronal
cultures were virtually devoid of astrocytic cells, as shown
by the lack of glial fibrillary acidic protein (GFAP) im-
munoreactivity (Vincent et al., 1994).

Analysis of neurotensin degradation by plated cultured
neurones with h.p.l.c.

Monolayers of 4 day-old plated neurones were washed twice
with PBS-buffer, pH 7.4 (mM: NaCl 140, Na,HPO, 8.5, KCl
2.7, KH,PO, 1.5) and incubated for 150 min at 37°C, with
10 nmol 10 uM) neurotensin in PBS-containing 1% glucose, in
the absence and presence of 100 nM phosphodiepryl 33. At the
end of the incubation, supernatants were taken out, acidified
(with 100 ul of 1 M HCI) and the equivalent of 1 nmol of
neurotensin was submitted to h.p.l.c. analysis as described
previously (Checler et al., 1988). Briefly, samples were applied
onto a reverse-phase C18 lichrosorb column (Merck) at room
temperature. Elutions were performed at a flow rate of
1 ml min~' by means of a 42 min linear gradient of 0.1%
trifluoroacetic acid, 0.05% triethylamine/0.1% trifluoroacetic
acid, 0.05% triethylamine in acetonitrile, from 90/10 (vol/vol)
to 60/40 (vol/vol). Absorbance was monitored at 230 nm with
a detector setting of 0.05 full scale.

Fluorimetric assays of purified peptidases

Endopeptidase 3.4.24.16 and endopeptidase 3.4.24.15 QFS
(5 nmol) was incubated at 37°C with purified endopeptidase
3.4.24.16 or endopeptidase 3.4.24.15 in a final volume of 100 ul
of 5 mM TrisHCI, pH 7.5 in the absence and presence of var-
ious concentrations of P33. Incubations were acidified with
2 ml 80 mM sodium formate, pH 3.7 and the activity was
fluorimetrically recorded as previously described (Dauch et al.,
1991a).

Angiotensin-converting enzyme (ACE) Hippuryl-His-Leu
(100 nmol) was incubated with purified ACE at 37°C in a
final volume of 100 ul of 5 mMm TrisHCI, pH 7.5 containing
0.3 M NaCl, in the absence and presence of various con-
centrations of P33. His-Leu was measured by a fluorimeter
within 365 and 495 nm as excitation and emission wave-
lengths, respectively, as previously described (Huggins &
Thampi, 1968).

Fluorimetric substrate-hydrolysing activities in whole rat
brain homogenate membranes

Incubations were performed for various times at 37°C in 5 mM
TrisHCI, pH 7.5 with a final concentration of 1 mg ml~" of
membrane proteins and activities were quantified by means of
fluorimetric substrates in the absence and presence of specific
inhibitors, as previously described (Checler, 1993).

Hot plate test

All procedures were done under animal care and handling
approved by the university. Male mice weighing 18 —22 g were
injected i.c.v. with 10 ul of sterile saline buffer (0.9% NaCl) or
neurotensin (0.03 ug in saline) in the absence and presence of 1
or 3 ug P33. The hot plate test was derived from that described
by Eddy & Leimbach (1991). The plate was maintained at
5540.5°C with a regulated water circulating pump. The anti-
nociceptive test was begun 15 min after i.c.v. injection and the
reaction times (latency of forepaw licking with a cut-off time of
30 s) of mice placed on the plate surrounded by a glass cylinder
(20 cm high, 16 cm diameter) were determined as described
previously (Schmidt et al., 1991).

Protein concentrations

Protein concentrations were determined as described by
Bradford (1976) with white egg lysozyme as the standard.

Materials

Mcc-Pro-Leu-Gly-Pro-DLys-Dnp (QFS) and diprotin A were
from Novabiochem (Meudon, France). Neurotensin was from
Neosystem (Strasbourg, France). Angiotensin-converting en-
zyme, phosphoramidon, bestatin and all the fluorimetric and
chromogenic substrates were purchased from Sigma chemicals
(St Louis, MO). Arphamenine B was from Interchim. Z-prolyl
prolinal was generously given by Drs S. Wilk and M. Orlowski
(Mount Sinai School of Medicine, New York, U.S.A.). All
phosphinic compounds were synthetized according to the
procedures previously described (Jiracek et al., 1996; Yiotakis
et al., 1996).

Results

Table 1 illustrates the potencies of a series of phosphinic
peptide inhibitors on purified endopeptidases 3.4.24.15,
34.24.16 and ACE. All compounds displaying a free C-
terminus dipeptide behaved as very potent inhibitors of ACE
and were particularly poor inhibitors of endopeptidase
3.4.24.15. As previously established (Jiracek et al., 1996), the
introduction of a proline residue at the P2 position of the
inhibitors led to analogues with higher affinity for en-
dopeptidase 3.4.24.16 while they remained poor agonists of
endopeptidase 3.4.24.15 (Table 1, compare compounds P23-
P25 to P26-P31). Introduction of an additional proline re-
sidue in the P2 position drastically enhanced the affinity for
endopeptidase 3.4.24.16 (P22) without noticeable influence
on the selectivity towards endopeptidase 3.4.24.15 (Table 1,
compare P26-P31 to P22). However, P22 also behaved as a
potent inhibitor of ACE (Table 1). Therefore, we attempted
to increase the selectivity of P22-derived molecules for en-
dopeptidase 3.4.24.16 by modifying the C-terminus of P22.
Since a previous study documented the strong requirement
of free C-terminus for ACE inhibition (Ondetti et al., 1977),
we amidated the C-terminal end of P22. Table 2 shows that
such a modification triggered about a 30 fold decrease in the
K; for ACE (compare P22 and P32). Interestingly, P32 not
only displayed high affinity for endopeptidase 3.4.24.16
(K;=12 nM) but also appeared 6670 fold less potent on
endopeptidase 3.4.24.15 (Table 2). Finally, the substitution
of the glycine residue located in P'1 by a leucine achieved an
additional 15 fold decrease in the apparent affinity of the
compound for ACE (Table 2, compare P32 and P33). Al-
together, the modifications introduced at the C-terminal di-
peptide of P22 ultimately led to a 500 fold less potent
inhibitor of ACE (Table 2, compare P22 and P33).

In order to establish the selectivity of P33 towards other
purified or yet unknown proteolytic activities, we examined
the ability of P33 to prevent the hydrolysis of various
fluorimetric substrates thought to be selective for a series of
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enzymes belonging to metallo- and serine proteases families
(Checler, 1993) in a crude rat brain homogenate. Strikingly,
discrepancy exists between the theoretical complete inhibi-
tion expected from the use of saturating concentrations of
specific inhibitors (Checler, 1993) and the extent of inhibi-
tion observed for the activities present in the crude mem-
brane homogenates (Table 3). This indicates that, in the rat
brain, additional, yet unknown, proteolytic enzymes, able to
cleave ‘pseudo specific’ chromogenic substrates, exist. How-
ever, it is clear that inhibitor-sensitive activities and addi-
tional unexpected enzymes are both totally insensitive to a
1 um P33 (Table 3).

Therefore, as P33 was 12.5 more potent on purified en-
dopeptidase 3.4.24.16 than on ACE and was virtually inactive
on endopeptidase 3.4.24.15 (Table 2) and other activities
(Table 3), it was used to examine the putative contribution of
endopeptidase 3.4.24.16 on the central catabolism of neuro-
tensin, in vitro and in vivo. We recently established that en-
dopeptidase 3.4.24.16 is expressed at the cell surface of pure

Table 1
by phosphinic peptides

primary culture neurones (Vincent et al., 1996). Accordingly,
one of the main neurotensin degradation products elutes with
the retention time of neurotensin 1-10 after h.p.l.c. analysis
(Figure 1a). Pretreatment of the cells with 100 nMm P33 resulted
in about a 50% decrease in the recovery of neurotensin 1-10
without any change in the production of other catabolites
(Figure 1b). The dose-response curve indicates that P33 in-
hibits neurotensin 1-10 formation with an ICs, of about
100 nM (Figure 1c). By use of the equation ICs, = Ki(1 + S/K,,),
where S and K, are 10 uM and 1.6 uM, respectively, a K; value
of 13 nM was derived.

Neurotensin elicits analgesia in mice after central ad-
ministration (for review see Nemeroff et al., 1980). Therefore
P33 was examined as a potential modulator of neurotensin-
induced antinociception in the hot plate test. In our series of
tested mice, the administration of P33 alone triggered an
apparent algesic effect at the two doses of inhibitor that
were used (Table 4). When neurotensin was administered at
a low dose (0.03 ug), previously shown to be ineffective

Inhibition of endopeptidase 3.4.24.16 (E24.16), endopeptidase 3.4.24.15 (E24.15) and angiotensin-converting enzyme (ACE)

Compound Inhibitor

23 Trp-Phe (PO,CH,) Gly-Yaa’
24 Val-Phe (PO,CH,) Gly-Yaa’
25 Arg-Phe (PO,CH,) Gly-Yaa’
26 Pro-Phe (PO,CH,) Gly-Ala
27 Pro-Phe (PO,CH,) Gly-Nle
28 Pro-Phe (PO,CH,) Gly-Met
29 Pro-Phe (PO,CH,) Gly-Ser
30 Pro-Phe (PO,CH,) Gly-Leu
31 Pro-Phe (PO,CH,) Gly-Gly
22 Pro-Phe (PO,CH,) Gly-Pro

K; (nm)

E24.16 E24.15 ACE
600 75000 0,7
600 75000 2.5

1200 18000 32

20 53000 1.1
40 37000 0.3
50 33000 0.3
100 120000 16
200 140000 5.4
200 100000 32
4 8100 0,3

Enzymatic activities were measured by incubating 50 uM QFS (E24.16 and E24.15) or 1 mm of Hip-His-Leu (ACE) with 10 ul of
purified peptidases for 1 h at 37°C after overnight preincubation in the absence or presence of increasing concentrations (0.1 nM to
100 pm) of the indicated compounds. Incubations were stopped and fluorimetrically recorded as described in the Methods. K; values
were derived from the ICs, values according to the equation: ICsy= K;(1 +S/K,,) and are the mean of four independent determinations.

Yaa’' represents a mix of 20 different amino acids.

Table 2 K; values and selectivity of P22, P32 and P33 for purified endopeptidase 3.4.24.16 (E24.16), endopeptidase 3.4.24.15 (E24.15)

and ACE
Selectivity factor
K; (nm) K; 24.15 K; ACE
Inhibitor E24.16 E24.15 ACE K; 24.16 K; 24.16
Pro-Phe (PO,CH,) Gly-Pro (P22) 4 8100 0.3 2025 0.075
Pro-Phe (PO,CH,) Gly-ProNH, (P32) 12 80000 8,5 6670 0.7
Pro-Phe (PO,CH,) Leu-ProNH, (P33) 12 66500 150 5540 12.5

QFS (E24.15 and E24.16) and Hip-His-Leu (ACE) hydrolysis was fluorimetrically measured as described in the Methods and the K;
values were derived from the ICsy according to the relation ICso=K; (1 +S/K,,). Values are the mean of 3 to 6 independent

determinations.

Table 3 Effect of specific inhibitors and P33 on peptidase activities present in rat brain homogenates

Enzymatic activity
(% of control)

Peptidase Substrate/inhibitor Specific inhibitor P33

E24.11 Suc-A-A-F-7TAMC/Phosphoramidon 1 um 32.240.7 96+0.8
LAP/APM Leu-7AMC/Bestatin 50 um 31.5+04 114.1+5.7
DAP IV Gly-Pro-7AMC/Diprotin A 100 um 84.9+0.5 99.3+1.7
APB Arg-7TAMC/Arphamenine B 0,5 um 44.5+0.7 108.5+4.5
PE Z-Gly-Pro-7AMC/Z-Pro-Prolinal 1 um 8+0.4 100.4+0.9

Activities were measured by incubation of rat brain homogenates with the indicated substrate as described in the Methods in the
absence or presence of the indicated specific inhibitors or P33 (1 um). Values are expressed as a percentage of control activity obtained
in the absence of inhibitor and are the mean+s.e.mean of 6 independent experiments. E24.11, endopeptidase 3.4.24.11; LAP/APM,
leucine aminopeptidase/aminopeptidase M; DAPIV, dipeptidylaminopeptidase IV; APB, aminopeptidase B; PE, proline endopeptidase.
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Figure 1 Effect of phosphodiepryl 33 on neurotensin hydrolysis by
plated primary cultured neurones. Neurotensin (10nmol) was
incubated with 4-day-old plated primary cultured neurones for
150 min at 37°C, in 1 ml of PBS pH 7.4, in the absence (a) and
presence (b) of 100nM phosphodiepryl 33. Supernatants were then
removed, acidified with 100 ul of 1M HCI and analysed by h.p.l.c. as
described in the Methods. (c) A complete dose-response curve was
established by incubating neurotensin in the presence of the indicated
concentrations of phosphodiepryl 33. Values are expressed as the
percentage of neurotensin (1-10) (NT (1-10)) recovered in the
absence of inhibitor and represent the mean of three independent
experiments.

Table 4 Effect of P33 on neurotensin-induced antinocicep-
tion in mice tested on the hot-plate

Dose Latency
Treatment (ug) (s)
Saline - 11.51+1
P33 1 5.634+0.18*
P33 3 5.5540.48*
Neurotensin 0.03 ug 9.76 +1.62
+P33 1 19.92 +2.74**

+P33 3 20.1543.73%*

Neurotensin was administered i.c.v. at the doses indicated in
the absence or in the presence of 1 or 3 ug of P33. Latency
of appearance of forepaw licking behaviour was recorded
15 min after peptide and/or inhibitor administration. Values
are expressed as means+s.e.mean of 8 independent mice per
group. *P<0.01 as compared to saline. **P<0.01 as
compared to the same dose of neurotensin without inhibitor.

(Vincent et al, 1995), there was no modification of the
forepaw licking behaviour (Table 4). However, 1 ug P33
drastically enhanced the observed latency (Table 4). This
effect was not further augmented by an increased dose of
P33 (Table 4).

Discussion

Elucidation of the mechanisms by which neurotensin is in-
activated in the brain appears of primary importance, since
this neuropeptide has been described as a neuroleptic-like
agent with respect to its clear pharmacological spectrum as an
endogenous dopamine antagonist (for review see Kitabgi,
1989). Furthermore, this peptide triggers a naloxone-in-
sensitive analgesia (Clineschmidt et al., 1979; Coquerel et al.,
1988) that is, therefore, not mediated by opiate receptors.

Several lines of evidence suggest that endopeptidases
3.4.24.15 and 3.4.24.16 are the main contributors of neuro-
tensin catabolism in the central nervous system. Thus, these
two peptidases were shown to participate in neurotensin in-
activation by rat brain synaptic membranes (Checler et al.,
1983; 1986b), brain or hypothalamic slices (Davis et al., 1992;
Kitabgi et al., 1992; Konkoy et al., 1994; ) and in pure cultured
neurones (Checler et al., 1986a; Vincent et al., 1996) and as-
trocytes (Mentlein & Dahms, 1994; Vincent et al., 1996). These
in vitro observations were strongly reinforced by the fact that
several phosphorus-containing peptides, designed as mixed
inhibitors of endopeptidase 3.4.24.15 and endopeptidase
3.4.24.16, drastically potentiated the neurotensin-induced an-
algesia after central administration in mice (Vincent et al.,
1995). In order to establish the contribution of endopeptidase
3.4.24.16 in the inactivating process of neurotensin, we have
designed a strategy aimed at discriminating between the two
related peptidases. By a novel approach based on the chemistry
of phosphinic peptides, we have obtained the first highly
selective inhibitor of endopeptidase 3.4.24.16 (Pro-Phe-
Y (PO,CH,)-Gly-Pro, P22) that was 2025 fold less potent on
endopeptidase 3.4.24.15 (Jiracek et al., 1996). However, P22
also behaves as a highly potent ACE inhibitor.

The further design of a fully selective inhibitor of en-
dopeptidase 3.4.24.16 was achieved by modifying the C-termi-
nus part of P22. In order to keep a strong selectivity towards
endopeptidase 3.4.24.15, we did not modify the C-terminal di-
peptide extension from the phosphinic group. Thus we showed
previously that the length of this C-terminal tail was an im-
portant requirement for endopeptidase 3.4.24.15 inhibition,
and that a minimal extension of three amino acids from the
phosphinic group was necessary (Jiracek et al., 1996). On the
other hand, it appeared that ACE clearly displayed preferred
affinity for inhibitors bearing a free carboxyl group (Ondetti et
al., 1977). As expected, amidation of the C-terminus of P22
(Table 2, compound P32) elicited about a 30 fold decrease in the
potency towards ACE (Table 2). A further 15 fold lowering of
the potency for ACE was obtained by substitution of the glycine
residue in P’1 position by an aliphatic leucine residue (Table 2,
compound P33). Overall, P33 appeared 500 fold less potent
than P22 on ACE without a drastic change in its inhibitory
potency towards endopeptidase 3.4.24.16. Most important was
the observation that P33 remained a very poor inhibitor of
endopeptidase 3.4.24.15 (Table 2). Finally, we established that
P33 was unable to affect a series of other peptidases belonging
to the metallo and serine enzyme families (Table 3). Altogether,
P33 behaves as the first highly potent and fully selective in-
hibitor of endopeptidase 3.4.24.16 and was therefore used to
assess the contribution of endopeptidase 3.4.24.16 in the central
inactivation of neurotensin, in vitro and in vivo.

As previously shown, neurotensin is rapidly inactivated by
pure cultured plated neurones (Checler et al., 1986a; Vincent et
al., 1996) with a noticeable production of neurotensin 1—10,
the formation of which is reminiscent of that generated by
purified endopeptidase 3.4.24.16 (Checler et al., 1986b). This
formation was dose-dependently inhibited by P33, with a K
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value of 13 nM that is in close agreement with the K; value
(12 nMm) observed for QFS hydrolysis by purified en-
dopeptidase 3.4.24.16 (Table 2). These data clearly indicate
that this endopeptidase is a major contributor to neuronal
neurotensin inactivation in vitro.

Neurotensin triggers naloxone-insensitive analgesia in mice
after central administration (Clineschmidt ez al, 1979; Co-
querel et al., 1988). This paradigm was examined to assess the
potential of P33 as a physiological blocker of central neuro-
tensin degradation. Surprisingly, it appeared that the admin-
istration of P33 alone shortened the forepaw licking latency
(Table 4). One possibility to explain such an observation could
be that P33 protects an endogenous algesic substance from
degradation by endopeptidase 3.4.24.16. That such an agent
could be nociceptin/orphanin FQ, a recently discovered hep-
tadecapeptide (Meunier et al., 1995; Reinscheid et al., 1995)
with algesic properties appears unlikely because this peptide
resists proteolysis by purified endopeptidase 3.4.24.16 (Montiel
et al., 1997). Another possibility remains that the algesic effect
of P33 was overestimated, due to an unusual high lick latency
obtained after saline administration. In line with such a hy-
pothesis, one should note the fact that in our previous study,
P08, a mixed inhibitor of endopeptidases 3.4.24.15 and
3.4.24.16 did not modify the latency observed in saline con-
ditions (Vincent et al., 1995).
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