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ABSTRACT Neutral endopeptldase 24.11, also known as
the common acute lympbobastic leukemia antigen, is a zinc
metallopeptidase involved in the inactivation of biologically
active peptides, such as the eukephalins and atrial natriureic
peptide. The highly potent radiolabeled inhibitor 2-{(3-
[125j]iodo-4-hydroxy)phenylmethyl}-4-N-[3-(hydroxyamino-3-
oxo-l-phenylmethyl)propyl]amino-4-oxobutanokc acid ([125I]-
RB104; K1 = 30 pM) has been developed for the enzyme.
[12I]RB104 is highly specific, its K; for another widely distrib-
uted zinc peptidase, angiotensin-converting enzyme, being 15
uM. In binding studies using rat brain slices, [125IRB104 was
shown to have a high affinity (Kd = 300 ± 20 pM) and high
specific binding at the Kd concentration (90%). With rat brain
homogenates the Kd of [1tI]RB104 was 26.8 ± 0.9 pM, close to
thekinetically derived Kd, 7.00 0.8 pM. Using theinhibitor, we
have developed a simple, rapid, and quantitative tehque to
detect low nanogram quantities of the endopeptidase directly
from tissue extracts after SDS/PAGE. The method has been
used to show the presence of low quantities of the enzyme in
rabbit bone marrow. Apart from its sensitivity, "inhibitor gel
electrophoresis" using ['tIJRB104 has the advantage over im-
munohistochemical methods ofbeing able to label the enzyme in
all tissues and species. It will therefore be of great value in
determining the exact role ofthis important regulatory peptidas
in a number of biological systems. Moreover, this one-step
characterization of neutral endopeptidase 24.11 could be ex-
tended to other zinc metallopeptidases such as angiotensin-
converting enzyme or collagenases, and inhibitors with affinities
as high as RB104 could open the way to viualiation of zinc
metallopeptidases in different tissues by electron microscopy.

The zinc endopeptidase neutral endopeptidase-24.11 (NEP;
EC 3.4.24.11) is a 94-kDa ectoenzyme involved in the extra-
cellular metabolism of biologically active peptides (1). The
enzyme has a relatively broad specificity and generally
cleaves peptides on the amino side of hydrophobic residues.
The most widely studied in vivo substrates of NEP are the
enkephalins and atrial natriuretic peptide, as it has been
shown that, due to the inactivation of these peptides by the
enzyme, NEP inhibitors have antinociceptive and antihyper-
tensive properties (reviews in refs. 2 and 3). In addition NEP
has been found to be identical to the common acute lympho-
blastic leukemia antigen (CALLA) (4), a differentiation
marker of B lymphocytes and identified as a lymphocyte
surface marker in most acute non-B-lymphoblastic leukemias
and in some T-cell acute lymphoblastic leukemias and lym-
phoblastic lymphomas as well being present in myelomas,

gliomas (review in ref. 5), and fibroblastic cells in meningi-
omas (6).
The distribution of NEP has been reasonably well docu-

mented in the rat and pig, both in the central nervous system
and in the periphery, by using either tritiated inhibitors such
as N-[(2RS)-4-(hydroxyamino)-1,4-dioxo-2-(phenyl[3H]-
methyl)[2-3H]butyl]glycine ([3H]HACBO-Gly) (7, 8) and
[3H]thiorphan (9) or antibodies (10-12). There are, however,
several questions that remain to be answered. For instance,
although it is clear that NEP inhibitors prolong both the
half-life and the actions of atrial natriuretic peptide in vivo,
their sites of action have yet to be established (3, 13). In
addition, a number of hematopoietic cells and cell lines,
classed as being "CALLA-negative" by fluorescence-
activated cell sorting using monoclonal antibodies, have
since been shown to have NEP activity by using a radioactive
substrate (14). Although this apparent anomaly is probably
due to the difference in sensitivity of the two techniques, it
is necessary to demonstrate formally the presence of the
enzyme on the surface of these cells.
For distribution studies, radioactive inhibitors have the

advantage over antibodies of being able to label the active
site, quantitatively, in all tissues and species. This is impor-
tant for an enzyme like NEP as, although the primary
sequences of the molecule from different species are highly
conserved (15), the enzyme appears to be differentially
glycosylated not only in different species but also in different
tissues of the same species (16), which might affect its
recognition by antibodies. A recent study has shown, for
example, that out of 20 monoclonal antibodies raised against
the human lymphocyte antigen only 4 cross-reacted with
NEP from a rat cell line (17). There has also been a report that
1 out of 6 anti-CALLA antibodies tested cross-reacted with
amyloid plaques present in patients with Alzheimer disease
(18). It still remains to be established whether the antibody is
marking NEP in the plaques or a protein with which NEP
shares an epitope. Another advantage of radioactive inhibi-
tors, such as [3H]HACBO-Gly, is that their in vivo distribu-
tion can easily be followed after different routes of adminis-
tration (19), an important factor, considering the potential
clinical applications of such molecules.

It is of course essential to ensure that the labeled inhibitor
is specific for the enzyme, as zinc metallopeptidases have
many active-site features in common (20). Thiorphan, for
instance, has a relatively good affinity for the widely distrib-
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uted angiotensin-converting enzyme (21). This problem was
overcome with [3H]HACBO-Gly (22), but the main disad-
vantage of this molecule, as with all tritiated inhibitors, lies
in its low specific activity, necessitating long exposure times
for autoradiograms and giving relatively low sensitivity.
We report here the synthesis and radiolabeling with 1251 of

the highly selective potent NEP inhibitor 2-[(3-iodo-4-
hydroxy)phenylmethyl]-4-N-[3-hydroxyamino-3-oxo-1-(phe-
nylmethyl)propyl]amino-4-oxobutanoic acid (RB104). This
molecule, which has a Ki of 30 pM for NEP, not only is an
excellent ligand for classical autoradiography and binding
studies but also can be used to detect nanogram quantities of
the enzyme directly from tissue extracts after SDS/PAGE.

MATERIALS AND METHODS
Materials. The NEP inhibitor (R)-retrothiorphan was syn-

thesized as previously described (23). Aminopeptidase N
from hog kidney was purchased from Boehringer Mannheim
and angiotensin-converting enzyme was a generous gift from
P. Corvol (College de France, Paris). Na125I (2100 Ci/mmol;
1 Ci = 37 GBq) and [3H][Leu5]enkephalin (50 Ci/mmol) were
from Amersham and [3H][DAla2,Leu5]enkephalin (51 Ci/
mmol) was from Dositek, France. [3H]HACBO-Gly (45 Ci/
mmol) was from the Commissariat a l'Energie Atomique
(Saclay, France). Unless otherwise stated other products
were from Sigma.

Synthesis and Radioiodination of RB104. The synthesis of
RB104 (6) is summarized in Fig. 1. t-Butyl-2-(p-hydroxy)ben-
zylidene succinate was synthesized as previously described
for t-butyl-2-benzylidene succinate (24). Starting from diethyl
succinate and p-hydroxybenzaldehyde, compound 2 was
obtained as an oily product. Rf in CH2Cl2/MeOH (9:1,
vol/vol) = 0.45. Step a (Fig. 1). To a solution of 2.00 g (7.2
mmol) of 2 in dry tetrahydrofuran (THF) were added at 0°C
a solution of 2.86 g (7.2 mmol) of the trifluoroacetate of

CcH20NH - COCH2 - CH - NH2+ HOOC - C2 - C - COOLBu
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FIG. 1. Synthesis of RB104. See text for details.

3-amino-4-phenylbutane-(O-benzyl)hydroxamate (1) (24), a
solution of 1.1 g (7.2 mmol) of 1-hydroxybenzotriazole in dry
THF, and 1.63 g (7.9 mmol) of N,N'-dicyclohexylcarbodi-
imide in CHC13. After 1 hr at 0C, the mixture was stirred
overnight at room temperature, the precipitate was concen-
trated, the solvent was evaporated under reduced pressure,
and the residue was dissolved in EtOAc. The organic layer
was washed, dried over Na2SO4, and filtered, and the solvent
was evaporated under reduced pressure. The crude product
was purified by flash chromatography on silica gel with
CH2Cl2/MeOH (10:0.5, vol/vol) as eluent. Compound 3 was
obtained as an oily product. Rf in CH2CI2/MeOH (9:1,
vol/vol) = 0.47; yield = 60%.

Steps b and c in Fig. 1. Five milliliters of trifluoroacetic
acid (TFA) was added to 1.9 g (3.5 mmol) of 3 in 10 ml of
CH2Cl2 at 0C. The mixture was stirred for 2 hr at 0C and 1
hr at room temperature, and solvent was evaporated under
reduced pressure. The residue was taken off with Et2O and
the white precipitate was intensively washed with Et2O. The
white solid obtained [yield = 70%1o; Rf in CHCl3/MeOH (9/1,
vol/vol) = 0.18] was dissolved in MeOH and hydrogenated
over Pd/carbon. A white solid (4) was obtained [yield = 92%;
mp = 110'C; 15-gm TLC Rf in CHC13/MeOH/AcOH/H20
(7/3/0.6/0.3, vol/vol) = 0.46]. Step d in Fig. 1. To a solution
of 4 (0.3 g, 0.75 mmol) in EtOH were added, at 0°C, 0.205 g
(0.79 mmol) of the p-nitrophenyl ester ofp-nitrobenzoic acid
and 0.126 ml (1.2 eq) of triethylamine. The mixture was
stirred for 2.5 hr at room temperature and solvent was
evaporated under reduced pressure. The residue was dis-
solved in H20 and the aqueous layer was washed with Et2O,
taken to pH 1.0 with 1 M HCI, and extracted three times with
ethyl acetate. The organic layer was washed with saturated
NaCl, dried over Na2SO4, and filtered, and the solvent was
evaporated under reduced pressure. A pale yellow solid (5)
was obtained [yield = 58%; mp 117°C; HPLC retention time
on Ultrabase C8 5-,um in CH3CN/0.05% TFA, 45/55 (vol/
vol) = 9.0 and 9.7 min; 15-,m TLC Rf in CH2CI2/MeOH/
acetic acid (9/1/0.5, vol/vol) = 0.43]. Analysis. Calculated
for C28H27N309: C, 61.20; H, 4.95; N, 7.65. Found: C, 60.82;
H, 4.86; N, 7.57.

Steps e andf in Fig. 1. The iodination of 5 was carried out
on ice and in 5 mM phosphate buffer, pH 7.0. To 35 mg of the
protected hydroxamate 5 were added 1 eq of NaI followed by
1.2 eq of chloramine T, and the reaction was stopped after 5
min by adding 25 eq of Na2S205. The pH was then increased
to 9 with 6 M NaOH, the solution was left for 10 min at room
temperature and the pH was adjusted to 1.5 with 6 M HCI,
and the reaction mixture was immediately injected onto a C8
Ultrabase 5-,um HPLC column (Societe Francaise de Chro-
mato Colonne Shandon, Eragny, France). The products were
separated at a flow rate of 1 ml/min under isocratic condi-
tions for the first 30 min (23% CH3CN in 0.05% TFA)
followed by a gradient of23-43% CH3CN in 20 min. The two
stereoisomers of the monoiodinated inhibitor RB104 6 were
found to have retention times of 32.5 and 40.6 min. Analysis.
Calculated for C21H23N2061: C, 47.92; H, 4.40; N, 5.32.
Found: C, 47.82; H, 4.46; N, 5.36.

[1251]RB104 was synthesized by using 0.7 mCi of Na1251, 10
eq of 5, and 40 eq of chloramine T in a total reaction volume
of 40 ,ul of 50mM phosphate buffer, pH 7.5. The reaction was
stopped after 1 min at room temperature by adding 100 eq of
Na2S2O5. The pH was then increased to 10 with 1 M NaOH,
the solution was left for 5 min at room temperature, and the
pH was adjusted to 1.5 with 6M HCI prior to HPLC as above.
The two stereoisomers, which have similar inhibitory poten-
cies towards NEP, were not separated during the radioiodi-
nation.
Membrane Preparations and Purification of Rabbit Kidney

NEP. All procedures were carried out at 40C. Tissue or cell
preparations were homogenized in 10 vol of 50mM Tris HCI,
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pH 7.4, and centrifuged at 1000 X g for 10 min. The
supernatant was then centrifuged at 100,000 x g for 40 min,
the pellet was resuspended in Tris buffer containing 125 mM
NaCl, and proteins were solubilized by adding n-octyl glu-
coside to a final concentration of 1%. A 1-hr incubation at
40C, with gentle agitation, was followed by centrifugation at
100,000 x g for 40 min. The supernatant was stored at -800C
until required. No change in NEP activity was noted after up
to 3 months of storage under these conditions. NEP was
purified from solubilized rabbit kidney cortex membranes by
affinity chromatography, using a monoclonal antibody as
previously described (25).
Enzyme Assays. NEP activity and IC5o were assayed by

using 20 nM [3H1[DAWa2,Leu5]enkephalin as substrate. Incu-
bations were carried out in 100 1.d of 50 mM Tris-HCl, pH 7.4,
at 250C. When a membrane preparation was used, 1 ,.M
captopril, an inhibitor ofangiotensin-converting enzyme, and
10 ,uM bestatin, an inhibitor of aminopeptidase, were added.
The reaction was stopped by adding 10 ,ul of 0.5 M HCl and
the product [3H]Tyr-DAla-Gly was separated from intact
substrate by using Porapak Q beads (Waters) as previously
described (26). Aminopeptidase N activity was assayed as
described above, using 10 nM [3H][Leu5]enkephalin as sub-
strate. Angiotensin-converting enzyme was assayed as pre-
viously described (14), using 50 mM Z-Phe-His-Leu as sub-
strate (Z, benzyloxycarbonyl).

Binding Assays. Rat brain striatal sections were cut on a
cryostat at -17°C, thaw-mounted onto gelatin-coated slides,
and stored at -80°C until used. The sections were warmed to
room temperature immediately prior to incubation and were
placed in chambers maintained at constant (20°C) tempera-
ture and 60-80%o relative humidity. The sections were incu-
bated as above in 300 ,lJ of buffer containing the iodinated
ligand, with or without unlabeled ligand. After 60 min, or at
various times for association studies, the slices were drained
and washed twice in a large excess of cold buffer. The
sections were wiped from the slides with a Whatman GF/B
filter disk and the radioactivity was determined.

Rat brain membranes from whole brain minus cerebellum
were prepared as described above and the resulting pellet was
resuspended in 50 mM Tris-HCl buffer, pH 7.4. Binding
assays were performed in the same buffer in a final volume
of 1 ml and contained 0.6-0.7 mg of protein and the iodinated
ligand. Incubations were carried out at 35°C and were ter-
minated by filtration through Whatman GF/B filters. The
filters were rinsed twice with 5 ml of ice-cold buffer and the
radioactivity was measured. For kinetic studies [1251]RB104
was used at 30 pM and dissociation was initiated by addition
of 1 ,uM retrothiorphan, a highly potent and specific NEP
inhibitor (23), after a 60-min incubation. For saturation
studies incubations were for 1 hr and the radioactive ligand
was used at 3 pM with various concentrations of unlabeled
RB104 added. In all studies the nonspecific binding was
determined by using 1 jM retrothiorphan.

Characterization of NEP in Membrane Prparations After
Inhibitor Gel Electrophoresis. Nonreducing SDS/PAGE was
carried out as previously described (27) on 9% polyacrylam-
ide slab gels (70 x 50 x 0.75 mm). After electrophoresis at a
constant 180 V, the gels were washed twice for 15 min in 50
ml of 10 mM Tris-HCl, pH 7.4, containing 0.5% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) and finally in Tris containing 0.5% CHAPS, 0.15 M
NaCl, and 0.3 M urea. The gels were then incubated for 1 hr
at room temperature with 100pM [1251]RB104 in the presence
or absence of 0.1 mM retrothiorphan. After washing to
reduce radioactive background (four times, 15 min each, in 50
ml of 10mM Tris HCI, pH 7.4, at room temperature), the gels
were placed in sealed plastic bags and opposed to Amersham
Hyper 13 max film for 1-4 days at 40C. The films were
developed as described above and analyzed by densitometry

with a Biocom 200 image analyzer. Alternatively, the gel
lanes were cut into 2-mm horizontal slices and the radioac-
tivity was determined directly. In some experiments NEP
was incubated with 150 pM [125I]RB104 before SDS/PAGE
and the gels were sliced or subjected to autoradiography
directly after electrophoresis.

Protein Determination. Protein was determined by the
method of Bradford (28).

RESULTS
Synthesis and Radioiodination of RB104. This compound

was synthesized by using previously described methods (24).
As outlined in Fig. 1, the precursor 4 was obtained by a
coupling step between the O-benzyl hydroxamate 1 and the
succinyl derivative 2 by using the dicyclohexylcarbodiimide/
hydroxybenzotriazole method, followed by successive de-
protection of the t-butyl ester in acidic medium and of the
hydroxamate group by catalytic hydrogenation. lodination of
4 was carried out by the chloramine-T method and, as
preliminary experiments indicated that the hydroxamate
group had to be protected in this step, the p-nitrobenzoyl
group was chosen, both for its easy introduction as an active
ester and easy removal under mild alkali conditions.
Inhibitory and Binding Properties of RB104 and

[12UIJB104. RB104 inhibited pure rabbit kidney NEP with a
Ki of 30 pM. Its K; for angiotensin-converting enzyme, a zinc
peptidase for which NEP inhibitors often show some degree
of cross-reactivity (29, 30), was 15 uM and that for ami-
nopeptidase N, another widely distributed zinc peptidase,
was 2.5 puM. Association kinetics of 20 pM [125I]RB104 to rat
brain striatal slices showed that specific binding reached a
steady state at around 1 hr (Fig. 2). The specific binding was
saturable and the Kd andB. values, derived from Scatchard
analysis, were 300 ± 20 pM and 3.5 ± 0.12 fmol per slice,
respectively (Fig. 2). Specific binding was 90%6 at the Kd
value, and computer analysis of the saturation isotherm
showed that the inhibitor interacted with a single class of
binding sites. With rat brain homogenates and 30 pM
[125I]RB104, specific binding reached a steady state at around
40 min. The calculated association rate constant, k+1, was
1.43 ± 0.22 min-1 M-1, and, assuming a monophasic disso-
ciation, the off-rate constant, k-1, was calculated to be 1.01
± 0.3 10-2 min-'. The kinetically derived dissociation con-
stant (kd = k1/k+,) was 7.0 ± 0.8 pM. Binding was saturable
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FIG. 2. Association kinetics for the specific binding of 20 pM
[125I]RB104 to rat brain sections. (Inset) Scatchard analysis of
binding over a concentration of range of 0.9 pM to 1.5 nM; B, bound;
F, free.

Proc. Natl. Acad. Sci. USA 89 (1992)



Proc. Nati. Acad. Sci. USA 89 (1992) 6391

1 2 3 4 5 6 7 8

200-
94-

69.

46-

30_

FIG. 3. Labeling ofdifferent quantities ofrabbit kidney NEPafter
SDS/PAGE and incubation of the gel with 100 pM [wl2I]RB104 with
(lane 8) or without 0.1 mM retrothiorphan. The quantity of enzyme
loaded in each lane was as follows: 1, 2 ng; 2, 5 ng; 3, 10 ng; 4, 20
ng; 5, 30 ng; 6, 40 ng; and 7, 50 ng. Lane 8 was 50 ng. The running
positions of molecular mass standards (kDa) are shown on the left.

when concentrations between 3 x 10-12 and 1 x 10-8M with
a 1-hr incubation were used, and Scatchard analysis of the
binding isotherms showed a single class of binding sites with
a Kd of 26.8 + 0.9 pM and a Bma,, of 8.1 ± 0.2 fmol/mg of
protein. Specific binding was about 90%6 at the Kd concen-
tration and greater than 70% at saturation.

Detection of NEP by Inhibitor Gel Electrophoresis with
RB104 After SDS/PAGE. Fig. 3 shows the autoradiogram
obtained when different amounts of pure rabbit kidney NEP
were subjected to SDS/PAGE and the gel was subsequently
incubated with [125I]RB104 and treated as described in Ma-
terials and Methods. A single band of radioactivity was
observed, corresponding to NEP, the intensity of which
increased with the quantity ofenzyme, allowing a calibration
curve to be constructed (Fig. 4). The-minimum quantity of
enzyme detectable under the conditions used (exposure time,
3 days) was 2 ng. The band was completely displaced by
including retrothiorphan in the incubation mixtures with the
iodinated ligand, though higher concentrations (0.1 mM)
were required than for binding or autoradiography studies.
When the gels were sliced and the radioactivity was deter-
mined directly it was estimated that 0.25% ofthe enzyme was
labeled. When incubated with the enzyme before electropho-
resis, [125I]RB104 was also found to specifically comigrate
with NEP (not shown). However, although this method
removed the necessity of washing the gels after electropho-
resis, the amount of inhibitor bound to the enzyme was
reduced by approximately 95%, thus lowering the sensitivity
of the technique.

200

3 180ISO

160

1140

1120

n 100

o 10 20 30 40 so 60
NEP, ng

FIG. 4. Calibration curve constructed from the data obtained
from the autoradiogram shown in Fig. 3 and relating the quantity of
rabbit kidney NEP subjected to SDS/PAGE with the intensity of
labeling by [125I]RB104.

A B C

200..

94-

46-

30-

1 2 3 4 5 6

FIG. 5. Autoradiogram ofthe labeling of solubilized rabbit kidney
protein with [M'-I]RB104 after SDS/PAGE. After electrophoresis the
gel was divided into three pieces and lanes 1 and 2, which contained
15 j&g of rabbit kidney membrane protein or 2.5 jxg of pure rabbit
kidney NEP, respectively, were stained with Coomassie blue. Lanes
3 and 5, containing 4 Fig of kidney protein, and 4 and 6, containing
50 ng of pure enzyme, were incubated with 100 pM [125I]RB104, in
the presence (lanes 5 and 6) or absence (lanes 3 and 4) of 0.1 mM
retrothiorphan. The running positions of molecular mass standards
are shown on the left.

The procedure was then tried on different tissue extracts.
As shown in Fig. 5, [125I]RB104 labeled a protein from rabbit
kidney, which had a molecular mass of 94 kDa and migrated
in the gel at the same position as the pure enzyme. This
labeling was abolished by 0.1 mM retrothiorphan. From a
calibration curve constructed from standards run on a parallel
gel it was estimated that there was 9.6 gg of enzyme per mg
of protein in the extract. Similar results were found with
extracts of cells from rabbit hind leg bone marrow (Fig. 6),
although NEP, 0.38 pkg/mg of protein, was 1/25th the con-
centration in the kidney.

DISCUSSION
RB104 was found to be a potent inhibitor of NEP, with a Ki
of 30 pM for pure rabbit kidney NEP. As expected from a
molecule with such a strong affinity, it also proved to be
highly specific. A comparison of the Ki of RB104 for NEP
with its Ki values for angiotensin-converting enzyme and
aminopeptidase N shows that the inhibitor has selectivity
factors for NEP of 5 x 105 and 8.34 x 104, respectively.
Angiotensin-converting enzyme and aminopeptidase N were
chosen for comparison because NEP inhibitors often show a

1 2

200-

94-

69 -

46-

30-

FIG. 6. Autoradiogram of the labeling of solubilized rabbit bone
marrow membrane protein by ["25I]RB104 after SDS/PAGE. Lanes
1 and 2 contained 40 jg of rabbit bone extract. After electrophoresis
the gel was divided into two pieces and incubated with 100 pM
[125I]RB104 in the presence (lane 2) or absence (lane 1) of 0.1 mM
retrothiorphan. The running positions of molecular mass standards
are shown on the left.

Biochemistry: Foumid-Zaluski et al.



6392 Biochemistry: Fournid-Zaluski et al.

certain cross-reactivity with these widely distributed zinc
peptidases (29, 30). With rat brain homogenates [125I]RB104
bound to a single class of binding sites with a Kd of 26.8 pM
and a Bma,, of 8.1 fmol/mg of protein. Specific binding was
high, being almost 90%6 at the Kd value. In binding studies
using rat brain slices [1251]RB104 had a Kd of300 pM and again
a high specific binding (90% at the Kd value). In preliminary
autoradiographic studies, using rat brain slices, [1251]RB104
labeled typical structures where NEP is known to be local-
ized, such as the nucleus accumbens and substantia nigra (not
shown here). It should be noted that the autoradiograms were
obtained after 3 days of exposure, instead of the 3 months
required for previous studies with [3H]HACBO-Gly, with an
even better precision.

[125I]RB104 was also found to bind to pure rabbit kidney
NEP after SDS/PAGE. This is in line with a previous report
showing that the enzyme retains some activity under these
conditions (31). However no additional band was found at 200
kDa, as occurred with the substrate gel electrophoresis.
Binding was quantitative and, with an exposure time of 3-4
days, as little as 2 ng of enzyme could be detected. This
simple method can be made even more sensitive if required,
using longer exposure times and intensifying screens. The
inhibitor was also found to bind to a single protein with a
molecular mass of 94 kDa from a rabbit kidney extract
subjected to SDS/PAGE, and this binding was inhibited by
the NEP inhibitor retrothiorphan, confirming that the binding
was specific to NEP. In addition the inhibitor was found to
label NEP in extracts of rabbit bone marrow. Autoradiogra-
phy with [3H]HACBO-Gly has previously shown the pres-
ence of NEP in rat bone tissue (19), and this has now been
confirmed in the rabbit.

[1251]RB104 is thus an ideal molecule for characterizing
NEP, either by classical or autoradiography studies or by
inhibitor gel electrophoresis. One of the reasons for its
favorable properties is that it is endowed with a balance
between hydrophobic aromatic side chains and hydrophilic
groups. "Inhibitor gel electrophoresis" is an accurate, sim-
ple, and relatively quick method of characterizing and mea-
suring the NEP in tissues and cell lines. It is also reliable
because, as previously discussed, inhibitors have the advan-
tage ofmarking the active site ofthe enzyme in all tissues and
species. Furthermore, in preliminary experiments the same
binding profile in unfixed and paraformaldehyde-fixed brain
tissues was observed with [125I]RB104, opening the way
towards electron microscopic visualization ofNEP in differ-
ent tissues.
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1. Kenny, A. J. (1987) in Mammalian Ectoenzymes, eds. Kenny,
A. J. & Turner, A. J. (Elsevier, Amsterdam), pp. 172-177.

2. Roques, B. P. & Fournie-Zaluski, M.-C. (1986) Natl. Inst.
Drug Abuse Res. Monogr. Ser. 70, 128-154.

3. Roques, B. P. & Beaumont, A. (1990) Trends Pharmacol. Sci.
11, 245-249.

4. Letarte, M., Vera, S., Tran, R., Addis, J. P., Onizuka, R. R.,
Quackenbush, E. J., Jongeneel, C. V. & McInnis, R. R. (1988)
J. Exp. Med. 168, 1247-1253.

5. LeBien, T. W. & McCormack, R. T. (1989) Blood 73,625-635.
6. Mailleux, P., Przedborski, S., Beaumont, A., Verolijpe, M. C.,

Depierreux, M., Levivier, M., Kitagbi, P., Roques, B. P. &
Vanderhaeghen, J. J. (1990) Peptides 11, 1245-1253.

7. Waksman, G., Hamel, E., Delay-Goyet, P. & Roques, B. P.
(1984) C.R. Acad. Sci. Ser. 3 299, 613-616.

8. Waksman, G., Hamel, E., Fourni-Zaluski, M.-C. & Roques,
B. P. (1986) Proc. Natl. Acad. Sci. USA 83, 1523-1527.

9. Pollard, H., De la Baume, S., Bouthenet, M.-L., Schwartz,
J. C., Ronco, P. & Verroust, P. (1987) Eur. J. Pharmacol. 133,
155-164.

10. Matsas, R., Kenny, A. J. & Turner, A. J. (1986) Neuroscience
18, 991-1012.

11. Gee, N. S., Bowes, M. A., Buck, P. & Kenny, A. J. (1985)
Biochem. J. 228, 119-126.

12. Ronco, R., Pollard, H., Galceron, M., Delauche, M., Schwartz,
J. C. & Verroust, P. (1988) Lab. Invest. 58, 210-217.

13. Murthy, K. K., Thibault, G., Schriffin, E. L., Garcia, R.,
Chartier., L., Gutkowska, J., Genest, J. & Cantin, M. (1986)
Peptides 7, 241-246.

14. Beaumont, A., Brouet, J. C. & Roques, B. P. (1989) Biochem.
Biophys. Res. Commun. 160, 1323-1329.

15. Malfroy, B., Kuang, W. J., Seeburg, P. H., Mason, A. J. &
Schofield, P. R. (1988) FEBS Lett. 229, 206-210.

16. Relton, J. M., Gee, N. S., Matsas, R., Turner, A. J. & Kenny,
A. J. (1983) Biochem. J. 215, 519-523.

17. H6lene, A., Milhiet, P.-E., Haouas, H., Boucheix, C., Beau-
mont, A. & Roques, B. P. (1992) Biochem. Pharmacol. 43,
809-814.

18. Sato, M., Ikeda, K., Haga, S., Alsop, D. & Ishii, T. (1991)
Neurosci. Lett. 121, 271-273.

19. Sales, N., Dutriez, I., Maziere, B., Ottaviani, M. & Roques,
B. P. (1991) Regul. Pept. 32, 209-222.

20. Matthews, B. W. (1988) Acc. Chem. Res. 21, 333-340.
21. Roques, B. P., Fournie-Zaluski, M.-C., Soroca, E., Lecomte,

J. M., Malfroy, B., Llorens, C. & Schwartz, J. C. (1980)
Nature (London) 288, 286-288.

22. Waksman, G., Bouboutou, R., Devin, J., Besseli~vre, R.,
Fournie-Zaluski, M.-C. & Roques, B. P. (1985) Biochem. Bio-
phys. Res. Commun. 131, 262-268.

23. Roques, B. P., Lucas-Soroca, E., Chaillet, P., Constentin, J. &
Fournie-Zaluski, M.-C. (1983) Proc. Nat!. Acad. Sci. USA 80,
3178-3182.

24. Fournid-Zaluski, M. C., Hernandez, J. F., Soleilhac, J. M.,
Renwart, N., Peyroux, J., Xie, J. & Roques, B. P. (1989) Int.
J. Pept. Protein Res. 33, 146-153.

25. Aubry, M., Berteloot, A., Beaumont, A., Roques, B. P. &
Crine, P. (1987) Biochem. Cell Biol. 65, 398-404.

26. Vogel, Z. & Alstein, M. (1977) FEBS Lett. 80, 332-336.
27. Laemmli, U. K. (1970) Nature (London) 227, 680-685.
28. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254.
29. Fournie-Zaluski, M. C., Lucas, E., Waksman, G. & Roques,

B. P. (1984) Eur. J. Pharmacol. 139, 267-274.
30. Thorsett, E. D. & Wyvratt, M. J. (1987) in Neuropeptides and

Their Peptidases, ed. Turner, A. J. (Horwood, Chichester,
U.K.), pp. 229-292.

31. Sullivan, J. & Johnson, A. R. (1989) Biochem. Biophys. Res.
Commun. 162, 300-307.

Proc. Natl. Acad Sci. USA 89 (1992)


