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ABSTRACT: Toward developing new potential analgesics,
this first structure−activity relationship study of opiorphin (H-
Gln-Arg-Phe-Ser-Arg-OH), a human peptide inhibiting
enkephalin degradation, was performed. A systematic Ala
scanning proved that Phe3 is a key residue for neprilysin and
aminopeptidase N (AP-N) ectoenkephalinase inhibition. A
series of Phe3-halogenated analogues revealed that halogen
bonding based optimization strategies are not applicable to this
residue. Additional substituted Phe3 derivatives showed that
replacing L-Phe3 for D-Phe3 increased the AP-N inhibition
potency by 1 order of magnitude. NMR studies and molecular
mechanics calculations indicated that the improved potency
may be due to CH−π stacking interactions between the aromatic ring of D-Phe3 and the Hγ protons of Arg2. This structural motif
is not possible for the native opiorphin and may be useful for the design of further potent and metabolically stable analogues.

■ INTRODUCTION
The need for compounds with intermediate analgesic activity
between nonsteroidal anti-inflammatory drugs (NSAIDs) and
opioids has fueled the interest in enzyme inhibitors that protect
endogenous opioid neuropeptides. One goal has been to
potentiate the natural analgesic effect of the endogenous
peptides Met- and Leu-enkephalin by inhibiting their enzymatic
degradation. Owing to the complementary roles of both
neprilysin [neutral endopeptidase (NEP), EC 3.4.24.11] and
aminopeptidase N (AP-N; EC 3.4.11.2) in enkephalin
inactivation, the design of dual inhibitors of these ectopepti-
dases seems an ideal approach.1 Both NEP and AP-N are
membrane-bound zinc metalloenzymes that belong to the M13
(NEP) and M1 (AP-N) peptidase families. Although they share
a common catalytic domain, differences in the spatial
arrangement of the catalytic residues and of their surroundings
cause NEP to function as a carboxypeptidase that cleaves
substrates at the N-terminal side of hydrophobic amino acids
such as Phe, Leu, and Met, while AP-N releases the N-terminal
amino acids from peptides that are not substituted α-amino
acids. To date, both enzymes have escaped full experimental
structural elucidation. Thus, the X-ray crystal structure of the
extracellular domain (Asp52−Trp749) complexed with six
different small-molecule inhibitors is the only structural
information available for NEP.2 Conversely, the structural

information available for AP-N is more limited and reduced to
three X-ray crystal structures corresponding to complexes of a
small-molecule inhibitor with an AP-N variant from Escherichia
coli.3 Regrettably, human AP-N has an overall sequence identity
of only 13.6% with the one fom E. coli.3a Even though
homology models of human AP-N have been recently
developed for designing nonpeptidic inhibitors, the authors
accept that authentic structural information on the human
variant would be necessary for building more accurate and
useful models.4 In spite of these caveats, the analogies of the
well-studied bacterial protease thermolysin with NEP have long
been used for the early designs of selective as well as dual and
transition-state inhibitors of NEP and AP-N using secondary
structure prediction and molecular modeling algorithms.5 One
of the first examples of such compounds is the selective NEP
inhibitor thiorphan, which has led to drugs with antisecretory
activity such as the antidiarrheal racecadotril (acetorphan).6

The difficulty in formulating a dual inhibitor arises from the
obvious necessity to find optimal interactions for two zinc
peptidases that, despite their similarity, show different
specificities. Nevertheless, mixed inhibitory products such as
RB101, which is prepared by covalently linking a potent AP-N
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with an NEP inhibitor, have been proposed.7 A further step in
this process has been the design of single-molecule compounds
such as RB3001 that are true dual inhibitors.8 Unfortunately,
none of them have yet reached clinical applications in pain
management.
This search for analgesics that modulate endogenous

enkephalin circulating levels has received a new impulse due
to the recent discovery and isolation from mammalian sources
of the peptides spinorphin (LVVYPWT)9 and sialorphin
(QHNPR).10 These peptides, together with their human
counterpart opiorphin (QRFSR),11 which was isolated from
human saliva, act as endogenous NEP and AP-N inhibitors. It
has been proved that opiorphin induces antinociceptive effects
in various rodent models of morphine-sensitive pain by
activating endogenous enkephalin-related opioid pathways,
thus demonstrating that the natural catabolism of enkephalins
is physiologically regulated.11,12 This, in turn, supports the
therapeutic concept that analgesia may be amenable to
enkephalin-induced potentiation by using molecules derived
from naturally occcuring peptides such as opiorphin.13 In a first
exploration of this concept and toward the design of potential
small-molecule peptidomimetic drugs, we have used a “ligand-
based” approach to circumvent the lack of reliable structural
information on these enzyme targets. Therefore, we here
present our results on an Ala substitution scanning study that
has revealed that Phe3 is a crucial residue for opiorphin
inhibitory activity toward both NEP and AP-N ectoenzymes.
This, in turn, prompted us to conduct the first SAR study of
opiorphin that is focused on Phe3. The results show that
halogen atoms placed at the aromatic function of Phe3 are not
able to induce additional stabilizing interactions with either of
the two enzymes by halogen bonding. Most notably, we have
found that a D-Phe for L-Phe substitution induces a 1 order of
magnitude increase in AP-N inhibition potency, which can be
explained by CH−π stacking interactions between the aromatic
ring of Phe3 and the Hγ protons of Arg2, as unveiled by NMR

conformational studies in solution and molecular mechanic
calculations.

■ RESULTS AND DISCUSSION

To gain a first insight into the most influential residues in NEP
and AP-N inhibitory activity of human opiorphin, five
analogues corresponding to a traditional Ala scan were
synthesized (Scheme 1). The resulting peptides, as well as
the other peptide derivatives reported in this paper, were
prepared by solid-phase peptide synthesis techniques using
standard Fmoc protocols and purified by reversed-phase liquid
chromatography using a VersaFlash flash chromatography
system. All the compounds were evaluated for potential
inhibitory activity in vitro using commercial recombinant
human NEP and AP-N soluble enzymes and synthetic
fluorogenic substrates.14−16 The monitoring of substrate
hydrolysis in the presence of several concentrations of inhibitor
provided kinetic plots such as those depicted in Figure 1 for the
[Ala1]-opiorphin analogue.
From these kinetic plots of enzyme inhibition, the

corresponding dose-dependent inhibition curves were calcu-
lated for every compound and the two enzymes (Figure 2).
Activity values expressed as EC50 have been extrapolated for
these curves. Compounds showing EC50 values of over 100 μM
were considered inactive, and compounds showing EC50 values
over 70 μM very poor inhibitors.
As seen in Table 1, all the Ala-substituted analogues were

inferior dual inhibitors compared to the parent opiorphin. Only
the Ala for Arg2 substitution produced an analogue slightly
more potent for NEP than the parent peptide, but it was almost
inactive for AP-N. The most interesting compound is 4, which
is a poor inhibitor for AP-N (IC50 over 70 μM) and is totally
inactive against NEP (IC50 over 100 μM), conditions that are
unique among the other compounds of Table 1. To us, 4 being
the simultaneously least active compound of the series is a good
indication of the relevant role played by the aromatic residue of
Phe3 in the interactions of opiorphin with both its targets, NEP

Scheme 1. Opiorphin, Ala Scan Opiorphin Analogues, and Halogenated [Phe3]-Opiorphin Analogues
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and AP-N, and therefore was considered a good target for an
SAR study.
First, given the critical role of Phe3 in the inhibitory potency

of opiorphin toward NEP and AP-N, and that this aromatic side
chain residue is a suitable structural motif for the introduction
of halogen atoms, we sought to improve the inhibitory
properties of opiorphin by applying the halogen bonding
rationale. This approach is based on the ability of halogen
atoms to function as general, effective, and reliable sites for
directing molecular recognition processes.17 The fact that about
half of the molecules currently entering high-throughput
screening tests are halogenated highlights the importance of
this concept for drug design.18 Thus, a suitable set of
commercial Phe building blocks with halogen atoms in their
side chains were chosen and the corresponding opiorphin
analogues prepared and tested (Scheme 1).
As Table 2 reflects, none of the seven halogenated

compounds assayed (7−13) were more potent dual NEP and
AP-N inhibitors than the parent opiorphin. Moreover, in the
homologous series of halogenated analogues at the para
position (10, 12, 13), activities did not gradually increase
with the atomic weight of the halogen atom (F vs Cl vs I). A
similar situation is suggested by the shortest ortho-halogenated
series (7, 8) (F vs Br). This evidence supports that ortho and
para halogenation of Phe3 does not generate new stabilizing
interactions mediated by halogen bonds between opiorphin and
the two enzymes. Fluorination at meta (9) and perfluorination
of Phe3 (14) totally prevent enzymatic inhibition.

To further examine the role of Phe3 in opiorphin activity, a
second series of analogues, in which Phe3 was substituted by
Phe isomers, derivatives, and mimics that have been chosen
because they are commonly used for SAR studies of other
naturally occurring peptides19,20 and their corresponding
building blocks are commercially available, were prepared and
tested against both NEP and AP-N activities (Scheme 2). A
further criterion for this selection was to preliminarily see if
substitutions possibly leading to enzymatic resistance such as L

by D and α by β changes on the configuration of this amino acid
have an effect on the biological activity of opiorphin. The Bpa

Figure 1. Fluorescence monitoring of Ala-MCA substrate hydrolysis
by AP-N in the presence and absence of the [Ala1]-opiorphin
analogue. According to the conditions of initial velocity measurement,
the kinetics of appearance of the fluorescent signal (RFU) were
directly proportional to the rate of hydrolysis of the substrates by AP-
N. The background rate of substrate autolysis representing the
fluorescent signal obtained in the absence of the enzyme was
subtracted to calculate the initial velocities [RFU (relative fluorescent
units)/min].

Figure 2. Dose-dependent inhibition by opiorphin (1), [D-Phe]-
opiorphin (15), and [p-F-D-Phe]-opiorphin (11) of Ala-MCA
substrate hydrolysis by human AP-N. Each point represents the
percentage of inhibition calculated as percentage of specific velocity
without inhibitor − velocity in the presence of inhibitor/velocity
without inhibitor. The opiorphin analogue concentration (μM) is
plotted on a log scale.

Table 1. Inhibition of hAP-N and hNEP Activities by
Opiorphin and Ala Analogues

peptide compound sequence
hAP-N IC50
± SD (μM)

hNEP-endoP
IC50 ± SD (μM)

1 opiorphin H-Gln-Arg-Phe-
Ser-Arg-OH

8.1 ± 0.1 30 ± 3

2 [Ala1]-
opior-
phin

H-Ala-Arg-Phe-
Ser-Arg-OH

37 ± 3 >70

3 [Ala2]-
opior-
phin

H-Gln-Ala-Phe-
Ser-Arg-OH

65 ± 3 12 ± 1

4 [Ala3]-
opior-
phin

H-Gln-Arg-Ala-
Ser-Arg-OH

>70 ≫100

5 [Ala4]-
opior-
phin

H-Gln-Arg-Phe-
Ala-Arg-OH

47 ± 2 39 ± 2

6 [Ala5]-
opior-
phin

H-Gln-Arg-Phe-
Ser-Ala−OH

>70 33 ± 2
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substitution (21) was screeened in view of future photoaffinity
labeling experiments.
As seen from their EC50 values (Table 3), none of the eight

compounds (15−21) are dual NEP and AP-N inhibitors. Also,
small structural changes (i.e., Homophe, Phg, and Tyr for Phe3)
(17, 18, 19) drastically affected NEP inhibition while still
preserving some AP-N inhibition. The most notable finding
was that [D-Phe3]-opiorphin is 1 order of magnitude more
potent than opiorphin in AP-N inhibition. This substitution
even tolerates para fluorination, as the resulting compound
displays similar AP-N inhibitory potency.
To rationalize these observations from a structural

perspective, solution NMR studies were then performed.
Using standard 2D NMR methods, chemical shift assignments
for the natural peptide opiorphin and for a subset of the
analogues were collected (Table S2, Supporting Information).
Analysis of these data mainly served to verify the different
tendencies of natural [L-Phe3]-opiorphin with respect to its D-
Phe3 analogue. On the other hand, no significant differences
were appreciated between the fluorine-containing derivatives
and the parent compound.
On a first inspection, the 1H NMR spectra of the peptides

containing D-Phe showed that the 1H signals were more

dispersed than those containing the natural L-Phe residue. In a
more quantitative analysis, the chemical shift indexes (CSIs)21

were calculated, which measure the deviation of the different
backbone α protons (Hα) from the typical random coil values
(Figure S1 and Table S3, Supporting Information). However,
the most remarkable structural differences between the
opiorphin analogues and the natural compound were observed
when comparing the D-Phe versus L-Phe analogues due to the
different β-sheet-forming propensity of Arg2. The chemical-
shift-based evidence for these differences was obtained by
measuring the values of the key coupling constant 3JNH,Hα for
Arg2 on these epimeric peptides. Thus, for instance, the value of
3JNH,Hα measured for [p-F-Phe3]-opiorphin was 6.9 Hz, while
for the corresponding [D-Phe3]-opiorphin analogue it decreased
to 5.4 Hz. An additional difference concerning the Arg2 residues
was that the Hγ protons of the D-Phe peptides were
significantly shielded with respect to their L-Phe3 counterparts
(Table S1, Supporting Information). In particular, the R2 Hγ2
and Hγ3 protons of [p-F-D-Phe3]-opiorphin appeared shielded
at a higher field, −0.38 and −0.52 ppm, respectively, than those
of the L-Phe analogue ([p-F-Phe3]-opiorphin).
At this point, taking into account this experimental evidence,

molecular mechanics calculations were performed to construct
a 3D model. Thus, 3D structures for the natural opiorphin
peptide and its corresponding [D-Phe3]-opiorphin analogue
were generated by employing a conformational search protocol
with Macromodel,22 as integrated in the Maestro package.23 As
expected from their small size, different minima were found for
these two peptides. However, for the D-Phe3 derivative, the
global minimum presented spatial proximity between the D-
Phe3 aromatic ring and the Hγ protons of Arg2, a fact that
supports the experimental chemical shift evidence (Figure 3).
This geometry is also in agreement with the experimental
coupling constants that define the orientation of D-Phe3, that is,
3JHα,Hβ2 and 3JHα,Hβ3 (4.6 and 11.3 Hz, respectively). Only in
this calculated orientation does the aromatic ring adopt the
proper presentation to provide CH−π stacking interactions
with the Hγ protons at the arginine side chain. The observed

Table 2. Inhibition of hAP-N and hNEP Activities by
Opiorphin and Halogenated Phe3 Analogues

peptide name compound
hAP-N IC50
± SD (μM)

hNEP-
endoP IC50
± SD (μM)

1 opiorphin H-Gln-Arg-Phe-
Ser-Arg-OH

8.1 ± 0.1 30 ± 3

7 [o-F-Phe3]-
opiorphin

H-Gln-Arg-(o-F)
Phe-Ser-Arg-OH

44 ± 3 48 ± 3

8 [ o-Br-Phe3]-
opiorphin

H-Gln-Arg-(o-Br)
Phe-Ser-Arg-OH

65 ± 4 30 ± 2

9 [m-F-Phe3]-
opiorphin

H-Gln-Arg-(m-F)
Phe-Ser-Arg-OH

>100 >100

10 [p-F-Phe3]-
opiorphin

H-Gln-Arg-(p-F)
Phe-Ser-Arg-OH

13.5 ± 0.5 >100

11 [p-F-D-Phe3]-
opiorphin

H-Gln-Arg-(p-F)-D-
Phe-Ser-Arg-OH

0.5 ± 0.1 >100

12 [p-Cl-Phe3]-
opiorphin

H-Gln-Arg-(p-Cl)
Phe-Ser-Arg-OH

48 ± 5 70 ± 10

13 [p-I-Phe3]-
opiorphin

H-Gln-Arg-(p-I)
Phe-Ser-Arg-OH

30 ± 3 >100

14 [2,3,4,5,6-
pentafluoro-
Phe3]-
opiorphin

H-Gln-Arg-
(2,3,4,5,6-
pentaf luoro)Phe-
Ser-Arg-OH

≫100 >100

Scheme 2. [Phe3]-Opiorphin Analogues

Table 3. Inhibition of hAP-N and hNEP Activities by
Opiorphin and Other Phe3 Analogues

name compound
hAP-N IC50
± SD (μM)

hNEP-endoP
IC50 ± SD
(μM)

1 opiorphin H-Gln-Arg-Phe-
Ser-Arg-OH

8.1 ± 0.1 30 ± 3

15 [D-Phe3]-
opiorphin

H-Gln-Arg-D-Phe-
Ser-Arg-OH

0.5 ± 0.1 ≫100

11 [p-F-D-Phe3]-
opiorphin

H-Gln-Arg-(p-F)-
D-Phe-Ser-Arg-
OH

0.5 ± 0.1 >100

16 [D-β-Phe3]-
opiorphin

H-Gln-Arg-D-β-
Phe-Ser-Arg-OH

>70 ≫100

17 [Homophe3]-
opiorphin

H-Gln-Arg-
Homophe-Ser-
Arg-OH

54 ± 10 70 ± 10

18 [Phg3]-
opiorphin

H-Gln-Arg-Phg-
Ser-Arg-OH

10 ± 3 ≫100

19 [Tyr3]-
opiorphin

H-Gln-Arg-Tyr-
Ser-Arg-OH

64 ± 5 70 ± 10

20 [p-Me-Phe3]-
opiorphin

H-Gln-Arg-(p-Me)
Phe-Ser-Arg-OH

45 ± 4 >100

21 [Bpa3]-
opiorphin

H-Gln-Arg-Bpa-
Ser-Arg-OH

30 ± 3 >100

22 [Nphe3]-
opiorphin

H-Gln-Arg-Nphe-
Ser-Arg-OH

≫100 ≫100
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nuclear Overhauser effect (NOE) contacts also support the
prevalent existence of this conformation, defined by a χ1(NH−
Cα−Cβ−Car) value of around −60°.
In contrast to the D-Phe3 analogue, key NMR experimental

data such as coupling constants and NOEs for the native
opiorphin are consistent with the existence of a different
conformation for the corresponding side chain of Phe3, with a
χ1(NH−Cα−Cβ−Car) value of around 180°. Notably, this
geometry does not allow the formation of CH−π stacking
interactions with the Hγ protons of Arg2. According to
molecular mechanics calculations, this undetected conforma-
tion, which would permit the π-cation, would be strongly
destabilized in energy terms. Moreover, the expected 3JHα,Hβ2
and 3JHα,Hβ3 coupling constants for this geometry should have
small values, in contrast with those observed experimentally
(one small and one large value of 9.6 Hz, respectively).
Finally, the 3D structures that in our hands best fit the

experimental NMR data for opiorphin and its corresponding D-
Phe3 analogue are presented in Figure 4. These conformers
were validated by the presence of a significant number of

experimental NOE contacts. In particular, the 3D structure
proposed for the synthetic [D-Phe3]-opiorphin analogue
satisfactorily explains three interresidual contacts (NH-F3/
NH-S4, NH-R5/Hβs-S4, and NH-F3/Hβs-R2). In contrast, the
NOE pattern observed for natural opiorphin permits the
postulation of a different spatial orientation of these residues.
The most noticeable differences between both molecules are
observed for the NH-R5/Hβs-S4 and NH-F3/NH-S4 NOEs.
In summary, the different spatial architectures of these two
peptides, which originate from the relative presentations of Arg2

and Phe3 residues, translate into the rather distinct electrostatic
potential energy surface plots of these molecules that may be at
the origin of the differential properties discussed above.

■ CONCLUSIONS

An alanine scanning study of opiorphin has provided evidence
that an Ala3 for Phe3 substitution produces the least active
analogue, thus indicating the relevant role that this aromatic
residue may play in opiorphin binding activity and specificity
toward both targets, NEP and AP-N. In an attempt to apply the
halogen bonding rationale to improve the biological properties
of opiorphin through Phe3 halogenation, we found that ortho
and para halogenation of the Phe3 aromatic ring does not result
in opiorphin activity potentiation by new halogen bonding
stabilizing interactions. Also, fluorination at meta and
perfluorination completely block its enzyme inhibition activity.
A further preparation of a series of substituted Phe3 derivatives
has shown that substitution of L-Phe3 by D-Phe3 increases the
AP-N inhibition potency of opiorphin by 1 order of magnitude
while depleting its NEP inhibition activity. Comparative
conformational studies in solution by NMR and molecular
mechanics calculations have shown that the observed AP-N
inhibition potency enhancement may be due to CH−π stacking
interactions between the aromatic ring of Phe3 and the Hγ
protons of Arg2, which can take place only in the D-Phe3

analogue. This first SAR study on opiorphin has failed to render
a more potent opiorphin-based dual NEP and AP-N inhibitor
but has identified a strategy to boost its AP-N inhibition
potency by simultaneously providing analogues more metabol-
ically stable than the native peptide.

Figure 3. Model structure of the [D-Phe3]-opiorphin peptide (15)
showing the eventual interaction between the Hγ protons of Arg2 (in
green) and D-Phe3 (in red).

Figure 4. Electrostatic potential energy surface plots for the modified [D-Phe3]-opiorphin peptide (15) (left) and the natural opiorphin peptide (1)
(right).
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■ EXPERIMENTAL SECTION
Materials. All amino acid building blocks, coupling reagents, and

derivatized resins (Fmoc-Ala Wang resin, Fmoc-Arg(Pmc) Wang
resin) were purchased from Novabiochem AG. ACS grade organic
solvents and other reagents such as sodium dodecyl sulfate-d25 were
purchased from Sigma-Aldrich. All other reagents used were of
analytical grade.
Peptide Synthesis. Opiorphin (1) and the peptide analogues 2−

22 were synthesized manually by using standard Nα-Fmoc solid-phase
methodology on either Fmoc-Ala-prederivatized Wang resin or Fmoc-
Arg(Pmc)-prederivatized Wang resin.24 Nα-Fmoc-protected amino
acids (3 equiv) were used. The side chain protecting groups used to
build the peptide sequences were the following: Trt for Gln and Asn, t-
Bu for Ser and Thr, Boc for Lys, and Pmc for Arg. The Fmoc-
Arg(Pmc) Wang resin (1 equiv) was placed in a glass peptide synthesis
column with a frit on the bottom and swollen in DMF for 1 h. The
amide couplings were effected by DIC (3 equiv) and HOBt (6 equiv).
In the case of Fmoc-Gln(Trt)OH, couplings were effected using
PyBOP (3 equiv), HOBt (3 equiv), and DIEA (6 equiv). Each
coupling was performed manually in this peptide synthesis column
using DMF as a solvent under reciprocal oscillating agitation. The
coupling efficiencies were monitored by the Kaiser ninhydrin test. The
Fmoc groups were removed with a solution of 20% piperidine in DMF
(1 × 9 min). The deprotected resin was washed with DMF, DCM, and
then DMF. After assembly of the peptide sequence, a cocktail of TFA/
TIS/H2O (95:2.5:2.5) was used to remove the side chain protecting
groups and to cleave the peptide from the resin. The crude peptides
were precipitated with ice-cold tert-butyl methyl ether, filtered,
redissolved in water, and lyophilized. The final peptides were purified
on a reversed-phase (C-18) column with the VersaFlash flash
chromatography system using a H2O−ACN gradient. The homoge-
neity and identity of the final peptides were determined by analytical
RP-HPLC and HRMS on a Waters UPLC-ESI/TOF system. All the
obtained final peptides showed >98% purity. The purified peptides
were characterized by high-resolution mass spectroscopy, TLC,
analytical HPLC, and 1H NMR (see the Supporting Information).
NMR Spectroscopy. All experiments were recorded in H2O/D2O

(90:10) on a Bruker Avance 600 MHz instrument equipped with a
triple-channel cryoprobe and at 278 K. NMR assignments were
accomplished using standard 2D TOCSY experiments at different
mixing times (20 and 60 ms) and 2D NOESY experiments (300 ms).
The resonance of 2,2,3,3-tetradeuterio-3-(trimethylsilyl)propionic acid
(TSP) was used as a chemical shift reference in the 1H NMR
experiments [δ(TSP) = 0 ppm].
Initial NMR experiments for the natural peptide opiorphin were

carried out to optimize the experimental conditions. The same
methodology was then applied to the other analogues containing Phe3

amino acid modifications.
Structure Determination. Molecular mechanics were conducted

using Macromodel 9.6,22 as implemented in version 8.5.110 of the
Maestro suite,23 using OPLS-2005* 25 as the force field. The starting
coordinates for conformational search calculations (OPLS-2005 as the
force field) were those obtained after energy minimization for both L-
and D-Phe3 analogues. The continuum GB/SA solvent model26 was
employed, and the general PRCG (Polak−Ribiere conjugate gradient)
method for energy minimization was used. A conformational search
protocol was then performed, using the Monte Carlo torsional
sampling (MCMM) method, with the same force field and
minimization conditions.
Determination of Biological Activities: Measurement of NEP

and AP-N Activities Using Fluorimetric Assays. Reagents.
Recombinant human NEP and human AP-N (devoid of their
respective N-terminal cytosol and transmembrane segment) were
purchased from R&D Systems and used as pure sources of
ectopeptidases. Abz-dRGL-(EDDnp) FRET peptide (Abz = o-
aminobenzoic acid; EDDnp = N-(2,4-dinitrophenyl)ethylenediamine),
that is, an internally quenched fluorescent substrate specific for NEP-
endopeptidase activity, was synthesized by Thermo-Fisher Scientific

(Germany). Alanine-MCA (Ala-MCA), a fluorogenic substrate for
measuring aminopeptidase activity, was purchased from Sigma.

Measurement of hNEP-Ectopeptidase Activity. Using a black half-
area 96-well microplate, the standard reaction mixture consisted of the
enzyme in 100 mM Tris−HCl, pH 7, containing 200 mM NaCl (100
μL final volume). The substrate was added after preincubation for 10
min at 28 °C, and the kinetics of appearance of the fluorescent signal
(RFU) were directly analyzed over 40 min at 28 °C using a fluorimeter
microplate reader (monochromator Infinite 200-Tecan) at 320 and
420 nm excitation and emission wavelengths, respectively.

Measurement of hAP-N-Ectopeptidase Activity. The standard
reaction mixture consisted of the enzyme in 100 mM Tris−HCl, pH
7.0 (100 μL final volume). The Ala-MCA substrate was added after
preincubation for 10 min at 28 °C, and the kinetics of appearance of
the signal were monitored for 40 min at 28 °C by using the fluorimeter
reader at 380 nm excitation and 460 nm emission wavelengths.
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ACN, acetonitrile; Bpa, p-benzoylphenylalanine; CSI, chemical
shift index; DCM, dichloromethane; DIC, N,N′-diisopropylcar-
bodiimide; DIEA, N,N-diisopropylethylamine; DMF, N,N-
dimethylformamide; Dnp, 2,4-dinitrophenyl; Fmoc, (fluoren-
9-ylmethoxy)carbonyl; Fmoc-L-Ala Wang resin, Nα-Fmoc-L-
alanine 4-(benzyloxy)benzyl ester polymer-bound; Fmoc-L-
Arg(Pmc) Wang resin, Nα-Fmoc-Nδ-Pmc-L-arginine 4-
(benzyloxy)benzyl ester polymer-bound; hAP-N, human
aminopeptidase N; hNEP, human neprilysin; Homophe,
homophenylalanine; MCMM, Monte Carlo torsional sampling
method; MCA, methoxycoumarin; NMR, nuclear magnetic
resonance; Nphe, N-benzylglycine; NOESY, nuclear Over-
hauser enhancement spectroscopy; Phg, phenylglycine; Pmc,
2,2,5,7,8-pentamethylchroman-6-sulfonyl; PyBOP, (benzotria-
zol-1-yloxy)trispyrrolidinophosphonium hexafluorophosphate;
rmsd, root-mean-square deviation; RFU, relative fluorescence
unit; RP-LC, reversed-phase liquid chromatography (Versa-
Flash flash chromatography system); SAR, structure−activity
relationship; SPPS, solid-phase peptide synthesis; t-Bu, tert-
butyl; TFA, trifluoroacetic acid; TIS, triisopropylsilane;
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TOCSY, total correlation spectroscopy; Trt, trityl; TSP, 2,2,3,3-
tetradeuterio-3-(trimethylsilyl)propionic acid27
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