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ABSTRACT:. The enzyme EC 3.4.24.15 (EP 24.15) is a zinc metalloendopeptidase whose precise function
in vivo remains unknown but is thought to participate in the regulated metabolism of a number of specific
neuropeptides. The lack of stable and selective inhibitors has hindered the determination of the exact
function of EP 24.15. Of the limited number of EP 24.15 inhibitors that have been developed, N-[1-
(R,9-carboxy-3-phenylpropyl]-Ala-Ala-Typ-aminobenzoate (CFP) is the most widely studied. CFP is a
potent and specific inhibitor, but it is unstable in vivo due to cleavage between the alanine and tyrosine
residues by the enzyme neprilysin (EP 24.11). This cleavage by EP 24.11 generates a potent inhibitor of
angiotensin converting enzyme, thereby limiting the use of CFP for in vivo studies. To develop specific
inhibitors of EP 24.15 that are resistant to in vitro and potentially in vivo proteolysis by EP 24.11, this
study incorporate@-amino acids replacing the Atalyr scissilea-amino acids of CFP. Both C2 and C3
substitutedg-amino acids were synthesized and substituted at the EP 24.11 sciss#d ykldond.
Significant EP 24.15 inhibitory activity was observed with some off#famino acid containing analogues.
Moreover, binding to EP 24.11 was eliminated, thus rendering all analogues contgiamino acids
resistant to degradation by EP 24.11. Selective inhibition of either EP 24.15 or EP 24.16 was also observed
with some analogues. The results demonstrated the ys@wifino acids in the design of inhibitors of EP
24.15 and EP 24.16 witK’s in the low micromolar range. At the same time, these analogues were
resistant to cleavage by the related metalloendopeptidase EP 24.11, in contrast-tmth acid based

parent peptide. This study has therefore clearly shown the potentiaiaaiino acids in the design of
stable enzyme inhibitors and their use in generating molecules with selectivity between closely related
enzymes.

Peptides are an important class of signaling molecules (endopeptidase EC 3.4.24.16 (EP 24.16)). EP 22)1#és
present in virtually every biological system. Bioactive originally isolated from rat brain extracts3)( and has
peptides are initially synthesized as larger precurser proteins,subsequently been found in high levels in the pituitary and
from which the active moiety is excised through cleavage testis and in lower levels throughout the body %). The
by specific peptidases. Other peptidases regulate the levelsactive site of EP 24.15 contains a zinc ion which coordinates
of peptide by mediating their degradation. The thermolysin- to the characteristic HEXXH active site motif at residues
like zinc metalloendopeptidases are a family of mammalian 473—477 ), in which the two histidine residues together
peptidases which are critical for the metabolism of numerous with a second glutamic acid at position 497 directly
peptides, particularly in the cardiovascular system and centralcoordinate the zinc ion while glutamic acid 474 binds a
nervous systemlj. The membrane-bound members of this catalytic water molecule7j.
family, such as angiotensin-converting enzyme (ACE), The activity of EP 24.15 is thiol-depender®),(and the
neprilysin (EP 24.11), and endothelin converting enzyme enzyme is able to cleave a wide variety of peptide substrates,
have been extensively studied, and their role in peptide including dynorphin As, 5-neoendorphin, bradykinin, neu-
turnover is well-establishedl). Less well-known are the  rotensin 9), lysylbradykinin (L0), and gonadotropin-releasing
soluble metallopeptidases, particularly thimet oligopeptidase hormone (GnRH) 11). It has been shown that substrate
(endopeptidase EC 3.4.24.15 (EP 24.15)) and neurolysinspecificity is dependent on substrate conformation to fulfill
secondary binding requirements such as hydrogen bonding

*To whom correspondence should be addressed. (12) to enable the binding of specific functional groups to
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(a) OH bioactive peptides28—34). We recently reported the syn-
thesis of a selection of CFP analogues incorporgikagnino
H O o acids which retained inhibitory activity, demonstrating that
HO,C ,\,J\,(N\ﬂ)L \©\ B-amino acid-containing peptides are able to bind to target
e H O CO,H proteolytic enzymes30). In the present study, we report the
synthesis and inhibitory activity of a wide range of CFP
) analogues containing-amino acids substituted at either the
HNC~co.H HzN\/i S TCOH N- or C-terminal side of the scissile bond in order to stabilize
2 COM NH ) . -
paly (LD) B2Aia (L.D) BaAa this bond against cleavage by EP 24.11. In addition,

comparison of the inhibition of EP 24.15 and the closely
related enzyme EP 24.16 was also evaluated for all ana-

logues. The results indicate that specificity of binding to
HoN HzN/\ HO,C . closely related enzymes can also be manipulated through the
H

use ofs-amino acids.

p3‘Phe B3DPhe (L.D) [32Phe LTyr
EXPERIMENTAL PROCEDURES
&,\ N Chemicals and Soénts. All solvents were AR grade
€02 QCOH except acetonitrile, which was HPLC-grade aN¢N-di-
2 . . . .
B3"Pro {L.D) p2Pro methylformamide (DMF), which was peptide synthesis-

FIGURE 1: Structure of (a) CFP and (b) the structures and grade. Dichloromethane (DCM), methanol, and DMF were
nomenclature oB-amino acids incorporated into CFP analogues. stored ove4 A sieves. Water was distilled and deionized in
the Milli-Q system (Millipore, Bedford, MA).O-Benzotri-

The inability to characterize the physiological role of EP azoleN,N,N',N'-tetramethyluroniumhexafluorophosphate
24.15is in part due to a lack of stable and specific inhibitors. (HBTU), di-tert-butyl dicarbonate, diisopropylcarbodiimide
However, the development of EP 24.15-specific inhibitors (DIC), diisopropylethylamine (DIPEA), dimethylformamide
is complicated by the similarity of the EP 24.15 active site (DMF), 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl),
with the other zinc metalloendopeptidases, particularly the 1-hydroxybenzotriazole (HOBt), piperidine and trifluoro-
closely related enzyme, neurolysin (EP 24.16). Of the acetic acid (TFA), and all Fmoc amino acids were obtained
inhibitors developed to date, few have overcome this problem from Auspep (Melbourne, Australia).
of selectivity ((8—20). N-Carboxymethyl peptide based Recombinant rat EP 24.15 was provided by Dr. M. J.
inhibitors which utilize a carboxylic acid functional group Glucksman (Fishberg Center, Mt Sinai School of Medicine,
to coordinate with the zinc ior2() are also potent inhibitors ~ New York). Recombinant EP 24.16 was provided by Dr E.
of EP 24.15. For example, the commonly used analogue cpp-S. Ferro (University of SaPaulo, Brazil). Recombinant EP
Ala-Ala-Tyr-pAb (CFP) (Figure 1a) has l§ of 16nM (18, 24.11 was provided by Dr Glenn Dale, Hoffmann-La Roche,
22). The proline-substituted analogue, cpp-Ala-Pro-pi, Basel, Switzerland. CFP was synthesized by Dr J. Boublik
is twice as potent as CFP, withka of 7nM (23). However, and L. Lakat at the Baker Institute. The quenched fluorescent
CFP also inhibits EP 24.16, although somewhat less potentlysubstrate (QFS) and Leu-enkephalin were obtained from
(K; of 600nM) and is rapidly metabolized by the membrane AUSPEP (Parkville, Victoria, Australia). Racenfi2Phe and
bound metalloendopeptidase neprilysin (EP 24.11). One of enantiomerically purg3PPhe,33-Phe,33-Tyr, andS3-Pro
the products of this cleavage at the Alayr bond, cpp-Ala- were synthesized by Dr M. Harte and Dr S. Bond (School
Ala, was found to be a potent inhibitor of ACR4, 25), of Chemistry, Monash University, Melbourne, Australia).
thus limiting the use of the inhibitor in vivo Peptide synthesisPeptide synthesis and purification

Previous attempts to stabilize this scissile bond include protocols were followed using hydroxymethylphenyl Tenta
the substitution of Asp, Val, Ser, or Leu as well as the Gel (HMP-TG) resin (Novabiochem, Laufelfingen, Switzer-
incorporation ofp-Ala to reduce the susceptibility of the land). Peptides were manually synthesized using a Biorad
Ala—Tyr bond that is cleaved by EP 24.122. Although 10 mL PolyPrep chromatography column with vacuum
significantly more stable to cleavage by EP 24.11, these applied to remove solvent and excess reagents. Standard
changes also led to a reduction in EP 24.15 inhibitory solid-phase synthesis protocols were used for the coupling,
activity. Recently, an analogue of CFP containing a reduced deprotection and cleavage of all peptides.
bond modification was found to be stable against degradation The general procedure for the first amino acid coupling
by EP 24.11, but it was 1000-fold less potent than CFP in was as follows: 1 g (0.15 mmol/g loading) of resin was
inhibiting EP 24.15 26). In the same study, an analogue swollenin DMF (30 mL). Fmoe Gly (466 mg, 1.5 mmol)
incorporating aminoisobutyric acid in place of Ala at the and DMAP (18.3 mg, 0.15 mmol) were dissolved in a small
N-terminal side of the scissile bond was also resistant to EP quantity of DMF (5 mL). This mixture was then added to
24.11 degradation yet remained a potent inhibitor of EP 24.15the solution containing the resin and DIC (189 mg, 234
with a K; of 23nM. This analogue was a poor inhibitor of 1.5 mmol). The reaction vessel was closed, and the solution
ACE, EP 24.11, and endothelin-converting enzyme but, like was mixed by nitrogen bubbling. After the reaction was left
the parent compound CFP, was also a potent inhibitor of overnight, the mixture was transferred to a synthesis vessel,
EP 24.16, thereby reducing its usefulness as an EP 24.15 irand the resin was washed with DMF, methanol, and ether
Vivo probe @6, 27). and dried under vacuum.

B-Amino acids have recently reemerged as a potential The general procedure for Fmoc deprotection was as
peptidomimetic tool in the design of metabolically stable follows: to the resin was added a solution of 20% piperidine
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in DMF (30 mL), and the solution was occasionally mixed
for 15 min. After deprotection the solvent was drained, and
the resin was washed with DMF.

The general procedure for amino acid coupling was as

follows: equimolar amounts of the Fmeamino acid,
HBTU, and HOBt at four molar equivalents to the resin
loading were dissolved in DMF (30 mL). On complete
dissolution, DIPEA (0.25 mL), was added, and the mixture
stirred briefly. The activated amino acid solution was then
added to the resin and mixed occasionally fer®2h. The
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Identical conditions and reagents were used for the screen
of inhibitory activity against recombinant EP 24.16, with the
exception that dithiothreitol (DTT) was not added.

In a 96-well microtiter plate, 24 of a peptide stock was
added to 50ng (in 1QuL) of EP 24.15 to give final
concentrations of 12M, 1 «M, 100 nM, and 10 nM when
the volume was made up to 23Q with Tris-buffered saline
(TBS: 125 mM NacCl, 25 mM Tris, 0.1 mM DTT, pH of
7.4). The 96-well plate was preincubated at 7 in the
oven of the fluorometric plate reader (Fmax, Molecular

extent of coupling was tested using the 2,4,6-trinitrobenzene Devices) for 30 min. After the preincubation period 20

sulfonic acid, TNBSA test35 using a 0.1 M TNBSA

of 0.05 mg/ml, QFS solution was added to each well. The

solution in DMF from Fluka (Buchs, Switzerland). If the plate was incubated for a further 30 min, after which the
coupling was incomplete, a double coupling was carried out fluorescence was read directly by the plate reader with an
using the above quantities of reagents. On complete couplingexcitation wavelength of 320 nm and emission detected at

the resin was washed with DMF.

The peptides were completed by the N-terminal addition
of 1-carboxy-3-phenylpropane via a reductive alkylation of
2-oxo-4-phenylbutanoic acid to the free N-terminal amine
(30). In brief, ethyl 2-oxo-4-phenylbutanoate (2.0 g, 1.83 mL,
9.6 mmol) was hydrolyzed by stirring in a solution of 1 M
NaOH (25 mL) overnight at room temperature. After
reaction, the solution was neutralized with 6M HCI, the
product was extracted with diethyl ether 340 mL), and
the solvent was removed yielding solid 2-oxo-4-phenylbu-
tanoic acid, which was used in the reductive alkylation
without any further purification. To a solution of peptide-
bound resin in DMF (10 mL) were added 2-oxo-4-phenylbu-
tanoic acid (267 mg, 1.5 mmol) and acetic acid (2Q9.
The mixture was stirred for 5 min, after which NaCNBH

420 nm. The percentage inhibition was calculated by
comparison of the observed fluorescence with the control
containing no inhibitor and the igdetermined from the plot
of % inhibition against peptide concentration.
Endopeptidase 24.11 Stability Ass&oluble and mem-
brane extracts of rabbit kidney were prepared as previously
described 36), and the stability assays were performed with
the membrane extract. The peptides (4f) were incubated
with 30 ug of the rabbit kidney membrane extract in 400
uL of TBS buffer. The solution was incubated at 37, and
50QuL aliquots equivalent to/g of the peptide were removed
at times 0, 30 min, 1, 2, 4, 6, and 24 h. The reaction was
stopped by diluting the aliquot in 2Q4L of methanol/1%
TFA. Following centrifugation in a tabletop microfuge to
precipitate the membranes (14 000 rpm, 10 min), the

(150 mg, 3 mmol) was added. The solution was stirred gypernatant was dried by vacuum centrifugation (Speed-Vac,
overnight with a magnetic stirrer at room temperature. The gayant) and analyzed by HPLC on a Hewlett-Packard (HP)
resin was filtered and washed with DMF, acetic acid, DCM, 1100 series HPLC (Agilent technologies, Palo Alto, USA).

methanol, and ether, after which it was dried in a desiccator samples were injected onto a Zorbax C18 column in 0.1%

overnight. _ _ _ TFA and eluted over a 30 min linear gradient with a 0.1%
On completion of peptide synthesis, the resin was washedTEa in 60:40 acetonitrile:water mixture.

with DMF (5 x 30 mL), methanol (5< 30 mL), and ether Endopeptidase 24.11 Inhibition Ass&ach peptide was

(5 x 30 mL) and dried under vacuum. The peptides were g eaned for inhibitory activity against the cleavage of the
cleaved with 95% TFA (2 mL), and the resin was filtered synthetic peptide Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu) by
and washed with TFA (1 mL). The TFA was then removed (i.ombinant EP 24.11. A 10M solution of each peptide
and the residue redissolved in a 1:1 mixture of acetonitrile/ , o< incubated with 20 ng of EP 24.11 in the presence of
water and lyophilised. The peptides were then purified by § 1 mm ZnCh in 100 uL of TBS buffer. The solution was
reversed-phase high-performance liquid chromatography;,. pated at 37C for 15 min, after which 24g of Leu—

(RP-HPLC) on a Waters Assoc. (Millford, MA) liquid  gnyenhalin was added. At 0, 1,ca h time points, a 2L
chromatography system. The HPLC separation of the SYN-aliquot was taken and added to 200 of a 80% methanol/

thetic peptides was performed using a semipreparative 104 TEA solution and then dried by vacuum centrifugation.
Brownlee C-18 column (10& 10 mm|. D.) and a gradient g5 mples were then analyzed as above. The extent of

from 0% to 60% acetonitrile containing 0.1%TFA over 60
min. The purity of the peptide was confirmed with analytical

HPLC using a Zorbax 300 SB-C18 reversed-phase column

(4.6 mmx 15 cm) with particles bm in diameter and 300

inhibition was estimated by analysis of the substrate peak
area in comparison with the zero time aliquot.

RESULTS

A average pore size. The standard analytical gradient condi-

tions used were-085% of 0.1% TFA in a 60:40% mixture

Inhibitor Design and Synthesi€n the basis that CFP is

of acetonitrile:water. The peptides were characterized by LC- cleaved by EP 24.11 at the Afdyr scissile bond, a series
MS using a Hewlett-Packard 1100 series LC with an on- of analogues was synthesized in which the amino acids at
line mass spectrometric detector (Agilent Technologies, Palo either the N- or C-terminal side of the scissile bond were
Alto, CA). All peptides had the predicted molecular mass. substituted by3-amino acids in order to stabilize this bond.
EP 24.15 and EP 24.16 Inhibition Assaysll peptide The structures of each of tiftamino acids used are shown
analogues were screened for inhibitory activity against the in Figure 1b.
cleavage of the synthetic quenched fluorescent substrate Alanine at the N-terminal side of the scissile bond was
(QFS), 7-methoxycoumarin-4-acetyl-Pro-Leu-Gly-Brbys- replaced by eithef2Ala, f3Ala, fGly, Pro,32Pro, or33Pro.
(2,4-dinitrophenyl), by recombinant rat testes EP 24.15. On the C-terminal side of the scissile bond, tyrosine was
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Table 1: Amino Acid Sequence, Retention Time, EP 24.15 and EP 24.16 Inhibitory Constants, and % Degradation by ER524nih@f
Acid Analogues of CFP

peptide retention ICso (M) ICso (M) ICs024.15/ % degraded
number peptide sequence time (min) EP 24.15 EP 24.16 ICs5024.16 by EP24.11
(CFP) cpp-A-A-YpAb 16.0 0.06 0.12 0.5 100
Group 1
(1) cpp-A-A-Y-AG 14.9 0.12 0.18 0.71 100
(2) cpp-A$2A-Y-$G 15.0 6.3 6.3 1 0
(3a) cpp-ApB3A-Y-5G 12.7 NI 88 b 0
(3b) cpp-AB3A-Y-5G 13.2 NI 61 b 0
4) cpp-ALG-Y-AG 12.4 5.6 4.8 1.2 0
(5) cpp-A-AS3Y-AG 12.6 25.1 14 1.8 0
Group 2
(6) cpp-A-A-FHG 14.8 3.6 1.6 2.3 100
(7a) cpp-AB2A-F-AG 15.1 2.8 1.8 1.6 0
(7b) cpp-AB2A-F-fG 16.1 8.9 7.9 11 0
(7c) cpp-AfB2A-F-4G 16.6 NI 62 b 0
(8) cpp-A-AB2FHG 15.0 40 2.2 18.2 0
9) cpp-A-AB3-F-4G 15.9 NI 50 b 0
(10) cpp-A-AS3PF-AG 15.1-16.6 NI 85 b 0
Group 3
(11) cpp-AB2A-B3-F-G 15.5-16.8 NI NI - 0
(11a) cpp-AB2A-B3-F-AG 16.2 63.1 NI b 0
(12) cppp2A-S3-F-AG 16.4-17.9 NI NI - 0
(13) cpp-AB2A-S3PF-AG 15.7-16.6 NI NI - 0
(13a) cpp-AB2A-S3PF-AG 15.8 79.4 41 1.9 0
(14) CppA2A-A3PF-AG 16.8-17.6 NI NI - 0
(15) cpp-AB2A-f2FHG 15.1-15.7 NI NI - 0
(15a) cpp-AB2A-H2F G 155 158 NI b 0
(16) CppP2RA-p2FSG 16.3-17.1 NI NI - 0
Group 4
a7 cpp-A-P-YSG 15.4 0.66 0.10 6.6 0
(18) cpp-AfB3-P-Y-4G 15.9 6.9 25 0.3 0
(29) cpp-Ap2P-Y LG 15.8 5.6 18 3.1 0
(20) cpp-A-P-FAG 15.5 0.79 0.17 4.7 0
(21) cpp-AB3-P-FSG 15.7 6.3 10 0.6 0
(22) cpp-Ap2P-FAG 15.7 10 1.8 5.6 0

aNI = no inhibition.? Analogues which showed inhibition of only EP 24.15 or EP 24.16.

replaced by eitheB3Tyr, 52Phe, o33Phe. The residyeGly group of peptides, shown in Table 1, was based on the Tyr-
was obtained as commercially availaflealanine and, for  containing parent sequence (GiPand incorporategAla
the purposes of this project, is referred to @&&ly in or SGly substitutions on the N-terminal side of the scissile
reference to the glycine-like side chain. Racemic mixtures bond or af3-Tyr residue on the C-terminal side of the
of both f2Ala and f3Ala were synthesized via amine scissile bond. The second group was based on the Phe-
enolate conjugate addition as previously report&@).( substituted sequence cpp-AARD, (CFRy9 and incorpo-
Racemicf2Phe was synthesized by conjugate addition and rated eithe52Ala on the N-terminal side of the scissile bond
B2Pro was obtained via saponification of commercially or substitutegg2Phe,53-Phe, or33°Phe for Phe. The third
available t)-nipecotic ethyl ester. Enantiomerically pure group incorporate@-amino acid substitutions at both sides
B3PPhe 33-Phe, angB3-Pro were synthesized as previously of the scissile bond. The fourth group of peptides substituted
described 7). All g-amino acids were Fmoc-protected as proline and its C2 and C@-amino acid equivalents for
reported previously 30). The sequences of all peptides alanine in both CFR; and CFRBye Sequences.
synthesized are listed in Table 1. Inhibition of EP 24.15 and EP 24.18&s shown in Table

All peptides were synthesized via standard solid-phase 1, the structures of the group 1 peptides are based on the
peptide synthesis methodology, and the cpp N-terminal control sequence cpp-Ala-Ala-TyiGly and were synthe-
moiety was added via reductive alkylation as previously sized to examine the effect of a sing/&amino acid
described 30). As no stereoselectivity was obtained in the substitution on peptides containing the tyrosine side chain.
cpp coupling, all peptides were generated as diastereomericThe IGo values for all peptides are listed in Table 1. The
mixtures. Although some HPLC resolution of these isomers results of the tyrosine-based CFP analogues incorporating
was generally observed on an analytical scale, the preparativeg-amino acids at the scissile bond g#@ly at the C-terminus
resolution of these isomers was not possible, and the peptideslso includes the data previously publish86) for compara-
were therefore assayed as diastereomeric mixtures. Therdive purposes. Peptide 1 is tleeamino acid control where
were some exceptions to this, and these peptides are labelethe pAb residue of the parent compound was replaced by a
as Xa and Xb where X is the peptide number; however, the SGly residue. The activity of this peptide was 2-fold lower
configuration of these compounds remains unknown. than that of CFP, with an I§ of 0.12 uM. Peptide 2,

The peptides were divided into four groups, depending incorporatings2Ala at the scissile bond, although less potent
on the sequence of amino acids in relation to CFP. The first than the control 1, showed significant activity, with andC
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of 6.3 uM. In contrast, peptide 3 incorporatifggAla was or more diastereoisomers. Since it was observed that most
inactive, and no inhibitory activity was observed with either of these fractions were inactive, the results were grouped
of the enantiomers 3a and 3b. The removal of the methyl together and reported in Table 1 as single peptides. For
side chain by the substitution giGly in peptide 4 showed fractions where some activity was observed, these are
similar potency to peptide 2, with an 46of 5.6 uM. Peptide reported separately as Xa where X is the peptide number,
5, incorporating53-Tyr substitution on the C-terminal side and the retention time of the active fraction is indicated.
of the scissile bond, showed only moderate activity and was These peptides were generally inactive with the exception
around 200 times less potent than tikamino acid control of three peptides 11a, 13a, and 15a, in which only one or
peptide 1. Hence analogues 2, 4, and 5 inhibited EP 24.16two of the isomers present exhibited moderate activity in
and EP 24.15 to a similar extent. However, some selectivity the high micro-molar range; the most active of these was
was obtained with thg3Ala substitutions which demon-  11a, with an 1G, of 63 uM. This peptide was also the most
strated high micromolar inhibition of EP 24.16 but failed to selective inhibitor for EP 24.15 in this group with no
inhibit EP 24.15. observable inhibition observed against EP 24.16. Removal

The group 2 peptides are phenylalanine-based CFPof the alanine adjacent to the cpp moiety, which reduces the
analogues with the parent control sequence cpp-Ala-Ala-Phe-backbone length of the peptides, completely abolished the
BGly (peptide 6). These peptides incorporate eithé2Ala inhibitory activity of all the purified isomers of these peptides
residue on the N-terminal side of the scissile bond p2Rhe against either EP 24.15 or EP 24.16.
or either enantiomer g§3Phe on the C-terminal side of the Finally, group 4 peptides consisted of the proline substi-
scissile bond. The control peptide 6 had agylaf 3.6 uM, tuted CFP analogues incorporatifgPro ands3-Pro at the
which was 30-fold less active than that of the tyrosine scissile bond andGly at the C-terminus. Peptides (17) and
substituted counterpart 1 and 60-fold less active than that of (20) are thex-amino acid controls with either a Tyr or Phe
CFP. This result was in contrast to the smaller differences on the C-terminal side of the scissile bond. The activity of
reported between the original CFP peptides where a phenyl-these peptides against EP 24.15 was similar at 0.66 and 0.79
alanine substitution for tyrosine resulted in a 2-fold loss of u«M, respectively, 6-fold less than that of 1. This was in
activity (23, 38). Peptide 7, incorporatingg2Ala at the contrast to the findings of Knight and Barrett, where Pro
N-terminal side of the scissile bond, was resolved into three was favored over Ala in this position when C-terminally
isomers by HPLC, although the actual configuration of each blocked byp-aminobenzoic acid2Q@). All of the peptides
isomer remains unknown. The earliest eluting peptide 7a wasincorporating3-Pro showed significant activity inhibiting EP
the most potent, with an kg value of 2.8uM, similar to 24.15, where peptides 18, 19, and 21 were the most potent,
that observed with the-amino acid control 6. The second with an 1G, value around 6«M. Overall, the peptides
isomer, peptide 7b, was 3.2-fold less active than peptide 7a.incorporating Pro an@i2Pro were more potent inhibitors of
Most significantly the last eluting isomer 7c was completely EP 24.16, with between 5- and 10-fold increases in potency
inactive. Generally, similar levels of inhibition of EP 24.16 for EP 24.16 compared with EP 24.15. Peptide 18, incor-
were observed for all analogues with the exception of 7c, porating 33-Pro, was the most selective inhibitor for EP
which was in the high micromolar range for EP 24.16 but 24.15 in this study, where it was 5 times more active against
did not inhibit EP 24.15. EP 24.15 than EP 24.16.

Peptides 810 includeds-phenylalanine substitutions at Stability of Inhibitors to Cleaage by EP 24.11The
the C-terminal side of the scissile bond. Peptide 8 was stability of the inhibitors was determined by incubating the
substituted with62Phe and had an kg of 40 uM which peptides in the presence of rabbit kidney membrane proteins,
was 11 times less active than peptide 6, (cpp-A-B&), arich source of EP 24.11, which were prepared as previously
whereas peptides 9 and 10 containjigfPhe and33°Phe, described 2Z2), and the results are listed in Table 1. The
respectively, were inactive. These peptides also showedparent compound CFP was readily degraded within 30 min
greater selectivity toward inhibiting EP 24.16 in that 8 was by the kidney membranes consistent with previous results
20 times more potent for EP 24.16 and peptides 9 and 10(22). Similarly, analogues 1 and 6, containing ti&ly
showed some inhibition of EP 24.16 but did not inhibit EP substitution at the C-terminus, were also readily degraded
24.15. within 30 min. The degradation of these peptides can be

The group 3 peptides have the general sequences of eitheattributed to EP 24.11 in the kidney membrane extract since
cpp-AB2Ala-Xxx-AGly or cppp2Ala-Xxx-AGly, where Xxx it has been previously shown in the presence of known EP
denotes a substitution of eithg¥2Phe or one of the  24.11 inhibitors such as phosphoramidon and SCH 39370
enantiomers gBf3Phe oi33-Tyr. This group of peptides was  ([N-[N-1-(S)-carboxyl-3-phenylpropyl]®-phenylalanyl]-§)-
synthesized to examine the effect of a double substitution isoserine) 89) inhibits cleavage of CFP2Q). In contrast,
of B-amino acids on either side of the scissile bond. none of the peptides containiffgamino acid substitutions
Analogues were also synthesized in which the alanine residueat the scissile bond were degraded within the assay time.
adjacent to the cpp residue was removed to decrease thdven after 24 h, there was no evidence of any degradation
backbone length since the presence of fivamino acids of the peptide. In addition, this resistance to EP 24.11
extends the backbone length by two atoms. These peptidegiegradation was displayed by all diastereoisomers since the
were synthesized as diastereoisomeric mixtures due to thepeptide profile of the racemic mixtures did not change after
incorporation of racemi@2Ala and cpp. The preparation of 24 h. None of the proline analogues were degraded by EP
peptides 15 and 16 gave even more complex mixtures due24.11 over this time period.
to the incorporation of two racemizamino acids in addition Inhibition of EP 24.11 by CFP Analogu€Fo gain further
to cpp. Only partial resolution of these mixtures was insightinto their interaction with EP 24.11, we also assayed
achieved, and all were assayed as mixtures of at least twoall peptides as inhibitors of EP 24.11 to determine whether
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they bind to the active site. The peptides were incubated in
the presence of recombinant EP 24.11 and-teukephalin

as a substrate, and aliquots were taken at 0, 1, and 2 h, an«

the samples were analyzed by HPLC. As a control, the
known EP 24.11 inhibitor SCH 39378%) was also assayed.
All peptides were assayed with the exception of CFP and

peptides 1 and 6, which were demonstrated to be substrate:
themselves in the stability assay, and thus would not act as

an inhibitor but a competitive substrate. All remaining
peptides did not inhibit the degradation of Leenkephalin,
suggesting they did not bind to the active site of EP 24.11.

DISCUSSION

This study reports the use gkamino acids to stabilize
the scissile bond of a peptide-based inhibitor of EP 24.15

against enzymatic cleavage by endopeptidase EP 24.11. All

B-amino acids were readily incorporated into standard solid-

phase peptide synthesis techniques, thereby facilitating their

routine incorporation into analogues of the peptibie]1-
(R,9)-carboxy-3-phenylpropyl]-Ala-Ala-Typ-aminoben-
zoate (CFP). This molecule is a potent inhibitor of EP 24.15
but is unstable in vivo due to cleavage between the alanine
and tyrosine residues by the enzyme EP 24.11. The incor-
poration of3-amino acids at the scissile bond was used to
stabilize CFP against cleavage by EP 24.11. In addition, the
synthesis of peptides incorporating both C2 and C3 substi-
tuted8-amino acids provided a wide range of diastereoiso-
mers to explore structureactivity relationships of these
analogues.

The C-terminapAb moiety of the original CFP molecule
was replaced in the present study IB@ly. Although
originally postulated that CFP binds to a hydrophobic pocket
(38), it was suggested thaiAb also provides a negative
charge via the carboxylic aci@®), as shown schematically
in Figure 2. In the present study, tg&ly residue may also
act as a C-terminal blocking group to resist the action of

Steer et al.

(a)

EP 24.15

p2-Ala
p3-Ala
p2-Pro
B3-Pro

p2-Tyr
p2-Phe ¢
B3-Phe x

(b)

FiGure 2: (a) Schematic of the binding of CFP to the active site
of EP 24.15 and th@-amino acid substitutions tolerated by the
enzyme. It is proposed that the that CFP binds to th& ztom
through the cpp moiety and the remaining side chains fit into
complementary binding sites in the active site. In addition, tyrosine
and p-aminobenzoate may H-bind to positively charged residues
in the active site. Th@-amino acid-substitutions that give rise to
analogues that are still able to bind to the active site are indicated

carboxypeptidases and also provides a negative charge foby a “v”, while those amino acid substitutions that result in inactive

binding. As previously reporte®(), the substitution of the
C-terminal3Gly in peptide (1) resulted in only a 2-fold loss
of activity compared to CFP, and a C-terminibly was
thus incorporated into all CFP analogues.

Overall, the presence gfamino acid substitutions on the
N-terminal side of the AlaTyr scissile bond reduced binding
to EP 24.15 compared to tlreamino acid control (1) with
the relative ordeip2Ala ~ SGly > 3Ala. The reduced
affinity is likely to be due to the loss in complementary

analogues are indicated by a™ (b) Schematic of the binding of
CFP to the active site of EP 24.11. Since CFP is cleaved by EP
24.11 at the AlaTyr bond, it is likely to be coordinated to the
zinc ion via the carbonyl of the scissile bond in order for hydrolysis
to occur. In contrast to the results with EP 24.15 and EP 24.16, the
presence of ang-amino acid on either side of the scissile bond
disrupts this interaction and prevents binding at the active site
altogether.

group is important for binding of thesg-amino acid
containing analogues possibly mediated through the forma-

binding between the analogues and the active site subsitesion of a hydrogen bond. Second, the position of the phenyl
as a result of the backbone elongation or increased peptideside chain at the C3 positiof-amino acid prevents the

flexibility. The similar activity of peptides incorporating
B2Ala or fGly substitution at the scissile bond suggested
that the methyl side chain is not specifically required to bind
to an active site subsite. In contrast, the loss of activity with
the presence of A3Ala is probably due to steric hindrance
of the methyl group at the C3 position restricting binding of
this peptide.

The -amino acid substitutions on the C-terminal side of
the scissile bond consisted of tfieanalogues of either the
tyrosine residue or the phenylalanine residue. The relative
order of potency was found to B#8Tyr > 2Phe> 3Phe,
with the f3Phe-containing analogues completely inactive.
These results indicate first that the presence of a hydroxyl

binding of these analogues to EP 24.15 but not EP 24.16,
again demonstrating the subtle differences between these two
closely related enzymes.

Stereochemistry was also shown to be important, as
demonstrated by the different potencies exhibited by peptides
7a, 7b, and 7c. It has been previously shown that the isomers
of the cpp chiral center exhibit inhibitory activities that differ
by an order of magnitude2(). Furthermore, attempts to
stabilize CFP through the substitution ofamino acids
resulted in analogues that displayed no activity at 2®)(

It is therefore possible that specific sterecisomers within each
peptide mixture are more potent than indicated by thg IC
values reported in Table 1.
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With the exception of isomers of peptides 11, 13, and 15, analogues were only active against either EP 24.15 or EP
the disubstituted peptides, where both the scissile alanine24.16. The results of this study with a limited number of
and tyrosine were replaced by thgianalogues, were largely  $-amino acids suggest that the usggedmino acids may be
inactive. This loss in binding is presumably due to the very useful in differentiating between the topographies of
elongation of the backbone of these peptides by two atoms,these two similar active sites. Molecular docking of these
which moves either the cpp or the Tyr/Phe side chains away analogues with the recently published X-ray crystal structure
from their respective binding sites. However, decreasing the of EP 24.16 40) should provide insight into the molecular
backbone length of the disubstituted peptides (relative to basis of the inhibitory activity of these molecules. Overall,
CFP) by one atom through removal of the first alanine this study has clearly demonstrated that the scissile bond of
residue (i.e., peptides 12, 14, and 16) did not restore a peptide-based inhibitor can be stabilized against proteolytic
inhibitory activity. These results further demonstrate how cleavage by the incorporation gfamino acids.
fB-amino acids can be used to probe the active site topography
of both EP 24.15 and EP 24.16. CONCLUSION

It has been shown previously that the incorporation of  The yse of peptidomimetics has emerged as a powerful
proline into CFP increases its affinity for EP 24.128). In means for overcoming the limitations inherent in the physical
contrast to peptides in groups 1 and 2, where only the C2 cparacteristics of peptides, thus improving their therapeutic

f-amino acid substitutions produced active compounds, the hotential. The present study has demonstrated the potential
B-proline substituted peptides produced active compoundsyt 3 amino acids as peptidomimetics in the design of stable

regardless of C2 or C3 substitution. The resultant activity 4nq selective enzyme inhibitors. In particular, the selectivity
of these compounds is perhaps due to the conformationalpeqyeen closely related endopeptidases has been manipulated
constraint of these cyclic amino acids restricting the pept'deswhereby affinity has been maintained for EP 24.15 and/or
to more favorable conformations and allowing efficient gp 24 16 while binding to EP 24.11 has been completely
binding to the enzyme active site. eliminated. Further, this has been achieved via changes in
Taken together, thg resu]ts obtained in this study can begiereo- and regiochemistry of tifieamino acids. Together
used to develop g-amino acid pharmacophore for EP 24.15 yith their ease of incorporation into peptide synthesis
as deplfted in Figure 2a. If it is assumed that CFI_D binds to strategies, this set§-amino acids apart from many other
the Zr¢* atom of EP 24.15 through the cpp moiety, the ¢jasses of peptidomimetics in terms of flexibility in molecular
constituent side chains fit into complementary binding sites gesjgn. In addition, the ability to stabilize molecules against
in the active site of EP 24.15. Tlieamino acid-containing  proteolysis may offset the decrease in potency that could
analogues are still able to bind to the active site albeit with yagyt fromg-amino acid substitutions thereby improving the
reduced affinity due to a disruption of the optimum binding  efficacy of unstable but highly potent lead molecules. This
orientation. While further studies are required to demonstrate study has therefore further demonstrated flramino acids

that the CFP analogues bind directly to the?Zmtom,  haye great potential as a new platform technology for the
previous studies have shown that the affinity of CFP for EP design of both peptide and protein mimetics.
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