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ARTICLE INFO ABSTRACT

Leukotriene A4 hydrolase (LTA4H) is a bifunctional zinc-dependent metalloprotease bearing both an
epoxide hydrolase, producing the pro-inflammatory LTB4 leukotriene, and an aminopeptidase activity,
whose physiological relevance has long been ignored. Distinct substrates are commonly used for each
activity, although none is completely satisfactory; LTA4, substrate for the hydrolase activity, is unstable
and inactivates the enzyme, whereas aminoacids g-naphthylamide and para-nitroanilide, used as amino-
peptidase substrates, are poor and nonselective, Based on the three-dimensional structure of LTA4H, we
describe a new, specific, and high-affinity fluorigenic substrate, PL553 [1-(4-benzoyl)phenylalanyl-§-
naphthylamide], with both in vitro and in vivo applications. PL553 possesses a catalytic efficiency (keat/
Km) of 3.8 +0.5 x 10* M~' s~! using human recombinant LTA4H and a limit of detection and quantifica-
tion of less than 1 to 2 ng. The PL553 assay was validated by measuring the inhibitory potency of known
LTA4H inhibitors and used to characterize new specific amino-phosphinic inhibitors. The LTA4H inhibi-
tion measured with PL553 in mouse tissues, after intravenous administration of inhibitors, was also cor-
related with a reduction in LTB4 levels. This authenticates the assay as the first allowing the easy
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measurement of endogenous LTA4H activity and in vitro specific screening of new LTA4H inhibitors.

Leukotriene A4 hydrolase (LTA4H,' EC 3.3.2.6) is a monomeric,
bifunctional enzyme of 610 amino acids expressed in a wide variety
of species—from bacteria to human—and ubiquitously distributed
[1]. It is particularly abundant in intestine, spleen, lung (epithelial
cells and alveolar macrophages), kidney, and placenta [1]. In blood,
neutrophils, monocytes, lymphocytes, and erythrocytes are rich
sources of this enzyme. LTA4H was originally identified as a member
of the “arachidonic cascade,” where it catalyzes the hydrolysis of the
unstable epoxide LTA4 into the potent pro-inflammatory diol LTB4
[2]. LTB4 has been involved in inflammatory diseases such as asth-
ma, inflammatory bowel disease, chronic obstructive pulmonary dis-
ease, arthritis, psoriasis, atherosclerosis, and inflammatory pain
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[3,4], in certain types of cancers [5], and in immunoregulatory pro-
cesses (by stimulating the production of cytokines [6]). Therefore,
potent inhibitors of LTA4H decreasing LTB4 biosynthesis could have
wide therapeutic applications, and the enzyme is a target for drug
discovery [3-5].

LTA4H has been purified from several mammalian sources (for
reviews, see Ref. [7]) as well as cloned and sequenced from human
lung and placenta [8]. The mouse [9], rat [10], and guinea pig [11]
orthologs have also been isolated, and alighment of their se-
quences shows high protein conservation. The primary sequence
analysis of this enzyme and its ability to cleave classical chromo-
genic aminopeptidase substrates in vitro first unraveled the ami-
nopeptidase nature of LTA4H [12-14]. Site-directed mutagenesis
experiments thereafter demonstrated that LTA4H belongs to the
M1 family of the MA clan of zinc-dependent metalloproteases. Re-
cent work has shown Pro-Gly-Pro, a neutrophil chemoattractant
peptide, to be a physiological substrate of LTA4H, releasing the
N-terminal proline residue [15]. These findings bring to light po-
tential novel physiological functions for this enzyme beyond its
LTA4 epoxide hydrolase activity.

Crystallographic studies [16] and site-directed mutagenesis
experiments allowed the delineation of the amino acids specifically
involved in either the epoxide hydrolase or the aminopeptidase
activity, evidencing an overlap of the catalytic sites {17]. Thus,
the catalytic Zn®" jon and amino acids Glu271, Glu296, and
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Tyr383 are essential for the aminopeptidase activity, whereas Zn*",
Glu271, Arg563, and Asp375 are essential, and Glu296 is impor-
tant, for the epoxide hydrolase activity. Due to this structural over-
lap, inhibitors of LTA4H generally act on both activities.

The epoxide hydrolase activity of LTA4H can be monitored by
the hydrolysis of the natural LTA4 substrate into LTB4 by high-per-
formance liquid chromatography (HPLC) or enzyme-linked immu-
nosorbent assay (ELISA) [18]. These tests can be performed using
either purified enzyme or whole blood as a source of both endog-
enous LTA4 substrate and LTA4H. Recently, a miniaturization of
this assay using the homogeneous time-resolved fluorescence
(HTRF) technology was described [19]. However, the chemical
instability of LTA4 and the suicide inactivation of the enzyme by
its natural substrate make it difficult to use this assay for inhibitor
screening. As a result, the aminopeptidase assay of the enzyme is
often used to assess the inhibitory potencies of molecules. Amino-
peptidase assays of LTA4H measure chromogenic or fluorigenic
substrate hydrolysis, such as Ala-, Leu-, Lys-, and Arg-para-nitroan-
ilide or -B-naphthylamide [12-14], eventually associated with a
competing tripeptide substrate [20]. However, because these sub-
strates are also cleaved by other widely expressed aminopepti-
dases such as aminopeptidase N (APN) and aminopeptidase B
(APB), these assays can only be used in vitro with pure enzyme.
Consequently, two tests are generally performed for the design
and/or screening of potential inhibitors: a rapid in vitro, nonspe-
cific, aminopeptidase assay and a more complex in vitro hydrolase
assay with exogenous LTA4. These two tests are generally associ-
ated with the whole blood assay that reflects the in vivo activity
of drugs.

The aim of this work was to simplify these methods by design-
ing a novel specific peptide substrate of LTA4H that could be used
for both in vitro and in or ex vivo activity measurement. For this
purpose, the model for LTA4 interaction within the active site of
the enzyme proposed by Thunnissen and coworkers {21] and based
on the three-dimensional (3D) structure of LTA4H-inhibitor com-
plexes was used [16,22]. This model suggested a large binding site
with the Arg563 and Lys565 amino acids forming the carboxylate
recognition site. The S; subsite of the enzyme active site, as defined
in the nomenclature of Schechter and Berger [23], was shown to
form a deep pocket essentially lined by hydrophobic amino acids,
whereas the catalytic zinc was in a suitable position for the hydro-
lysis of either the allylic epoxide of LTA4 or the amide bond of a
peptide substrate.

Starting from these data, we designed new fluorigenic B-naph-
thylamide substrates containing extended side chains expected
to fit the S; subsite precluding recognition by other metallopeptid-
ases, particularly APN. Accordingly, one of these compounds, t-(4-
benzoyl)phenylalanine-p-naphthylamide (further designated as
PL553), was efficiently and selectively cleaved by LTA4H, as com-
pared with a panel of related metalloproteases. To validate the
use of this novel substrate, the inhibitory potencies of various
LTA4H inhibitors were measured and compared with those ob-
tained using L-Ala-B-naphthylamine. Finally, the PL553 assay was
used to assess the ex vivo activity of LTA4H in different tissues of
mice treated with known and novel inhibitors. The measurement
of the reduction in LTB4 levels in the same tissue demonstrated
the interest of PL553 assay to convey inhibitor potency and phar-
macological effects.

Materials and methods

Reagents

The N-protected amino acids, Boc-(1)-(4-nitro)-Phe-OH, Boc-(L)-
Bip-OH, Boc-(L)-Bpa-OH, Boc-(1)-Tyr(Bzl)-OH, and Fmoc-(L}-Lys

(Dnp)OH, were purchased from Bachem (Weil am Rhein, Ger-
many). The coupling reagent TBTU [2-(1H-benzotriazole-1-yl)-
1.1,3,3-tetramethyluronium hexafluoro phosphate] was purchased
from Polypeptides (Strasbourg, France). All other reagents were ob-
tained from Sigma-Aldrich, and the solvents were obtained from
Carlo Erba-SDS (France). The (i)-Ala-B-naphthylamide substrate
was purchased from Sigma. Purified human recombinant LTA4H
was a generous gift from ).Z. Haeggstrém. APN from porcine kidney
was purchased from Sigma. LTB4 concentrations were measured
using the enzyme immunoassay from Sapphine Bioscience (USA).

Peptide synthesis

The fluorigenic B-naphthylamides 1a to 1f were synthesized by
coupling p-naphthylamine (B-NA) at the C terminus of the different
Boc and Fmoc amino acids using TBTU and DIEA (N,N-diisopropyl-
ethylamine). Cleavage of the Boc group was obtained by treatment
with trifluoroacetic acid (TFA) in CH;Cl,, and cleavage of the Fmoc
group was obtained by using 20% piperidine in dimethylformam-
ide. The final products were purified by semipreparative HPLC.
The synthetic pathway used for the preparation of the various sub-
strates is summarized in Supplemental Fig. 1 of the supplementary
material.

Peptide purity was verified by HPLC using a reverse phase Kro-
masil C18 column (250 x 4.6 mm, 5 um, 100 A) with H,0 (0.1%
TFA) (solvent A)/CH3CN (0.1% TFA) (solvent B) as mobile phase
using isocratic conditions, at a flow rate of 1 ml/min, on a Promi-
nence Shimadzu LC20AB apparatus equipped with an ultraviolet
(UV) detector. Elution of the peaks was monitored at 210 nm. Pep-
tide structures were confirmed by 'H nuclear magnetic resonance
(NMR) spectroscopy (Bruker, 200 MHz) in dimethyl sulfoxide
(DMSO0)-d6 or CDCl;. Mass spectra were determined using an Agi-
lent ion trap electrospray in positive mode mass spectrometer. For
further details on synthesis, see Supplemental Data “Experimental
Procedures” in supplementary material.

Substrate docking

The 3D coordinates of the substrates were generated with Dis-
covery Studio version 3.5. Flexible docking of the substrates within
the binding subsites constituting the active site of LTA4H was per-
formed using GOLD 5.1.

Synthesis of LTA4H inhibitors

Compound 2 and its methyl ester (ME) were synthesized as de-
scribed in the literature [24]. Phosphinic inhibitors 3, 4, and 5 and
their MEs were synthesized in eight steps starting from commer-
cially available carboxylic acids. All compounds were purified by
semipreparative reverse phase HPLC, and their purity, assessed
by analytical HPLC, electrospray ionization (ESI) (+), and NMR anal-
ysis, showed that they were all more than 95% pure. For further de-
tails on synthesis, see Supplemental Data “Experimental
Procedures”.

UV and fluorimetric spectra

UV absorption spectra of a 10-uM solution of compound and of
its metabolite, B-NA, in 1 ml of 50 mM Tris-HCl (pH 7.4) and
100 mM NaCl were recorded using a UV-Vis (visible) spectrometer
Shimadzu UV-Vis 1240. Spectrofluorimetric emission spectra of
the same solutions, diluted in 1 ml of 50 mM Tris-HCI (pH 7.4)
and 100 mM NaCl, were recorded using a PerkinElmer LS 50B fluo-
rimeter (Jex = 340 nm) equipped with a thermostatic cell holder.
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LTA4H versus APN enzymatic activities using synthesized substrates

Initial screening of the synthesized B-naphthylamide peptide
substrates was performed by comparing their produced fluores-
cent signal in the presence of either recombinant human LTA4H
(1.2 pg/ml) in 50 mM Tris-HCl (pH 7.4) and 100 mM NacCl or with
APN purified from porcine kidney (0.33 mU/ml) in 50 mM Tris-HCl
(pH 7.4). Each substrate was tested at 20 uM, and the reactions
were incubated in a final volume of 100 ul at 37 °C for 60 min.
The fluorescent signals were read on a Twinkle LB 970 microplate
fluorimeter (Berthold, /ex = 340 nm, /ey, =405 nm, lamp energy =
10,000).

pH optimum of PL553 assay and salt addition

Recombinant human LTA4H (1.2 pg/ml) was used with a fixed
concentration of PL553 (40 uM) in 100 pl of either 50 mM Mes
buffer (pH 5.0 or 6.5) or 50 mM Tris (pH 6.5-9.0). The same exper-
iments were also performed with the addition of 100 mM NaCl to
the buffer. For each condition tested, the fluorescence of the sub-
strate alone was also measured and subtracted from the fluores-
cent signal observed in the presence of LTA4H. The reactions
were left to proceed for 60 min at 37 °C, and the fluorescent signal
was read on a Twinkle LB 970 fluorimeter (Berthold, Jex = 340 nm,
Jem = 405 nm, lamp energy = 10,000).

Kinetic parameters of PL553 toward LTA4H

Determination of the K, was performed in initial rate condi-
tions. For this purpose, recombinant human LTA4H (0.6 pg/ml)
was added to increasing concentrations of PL553 in a final volume
of 100 pl of 50 mM Tris-HCl (pH 7.4) and 100 mM Nacl and incu-
bated at 37 °C for 10 min. For each substrate concentration, a stan-
dard calibration was established for 2.5, 5, 7.5, and 10% cleavage by
using the corresponding mixture of substrate and metabolite. The
obtained fluorescence was then reported to each standard calibra-
tion to quantify the amount of metabolite formed. The K, values
(mean of at least three independent assays in duplicate) were cal-
culated using GraphPad Prism 4 software, and the k., was deter-
mined using the equation Kkcy=Vmax/[E]. Fluorescence was
measured on a Berthold Twinkle LB 970 (/e = 340 nm, o, = 405 -
nm, lamp energy = 10,000).

Specificity of PL553 toward LTA4H

The ability of PL553 to discriminate LTA4H from APN enzymatic
activity was tested using the (1)-Ala-B-naphthylamide and PL553
peptide substrates at 40 uM with either APN from porcine kidney
(0.33 mU/ml) or recombinant human LTA4H (0.6 pug/ml). The enzy-
matic reactions proceeded for 1h at 37°C in a final volume of
100 pl of 50 mM Tris—HCI (pH 7.4) or 50 mM Tris-HCl (pH 7.4)
and 100 mM NaCl for APN or LTA4H, respectively. Cleavage of
PL553 (40 M) by other aminopeptidases such as aminopeptidase
A (APA), APB, leucine aminopeptidase (LAP), endoplasmic reticu-
lum aminopeptidase-1 (ERAP-1), endoplasmic reticulum amino-
peptidase-2 (ERAP-2), and aminopeptidase P (APP) was also
investigated. The enzymes were tested in the following conditions:
LAP (Sigma, 300 mU/ml) in 25 mM Tris-HCI buffer (pH 8.0; APA
(R&D Systems, 0.1 pg/ml) in 25 mM Tris-HCl buffer (pH 8.0),
50 mM CaCl,, 200 mM Nacl, and 0.05% Triton X-100; APB (purified
recombinant enzyme, a kind gift from T. Foulon, 450 pug/ml) in
50 mM Tris-HCl buffer (pH 7.4); ERAP-1 (R&D Systems, 0.5 mg/
ml) in 25 mM Tris-HCl (pH 8.0); ERAP-2 (R&D Systems, 0.5 mg/
ml) in 100 mM Mes (pH 6.5); and APP in 50 mM Tris (pH 7.0).
The specificity of PL553 toward LTA4H was further tested against
a series of other metalloproteases (ECE-1, neutral endopeptidase

[NEP], and angiotensin-converting enzyme [ACE]) in either
100 mM Hepes buffer (pH 6.8), 50 mM Tris (pH 7.4), or 50 mM Tris
(pH 8.0) and NacCl (1%) for each enzyme, respectively, as well as
against the serine fatty acid amide hydrolase (human recombinant
FAAH, Cayman Chemical, 18.7 U/ml) in 50 mM Tris (pH 9.0) and
1 mM ethylenediaminetetraacetic acid (EDTA). The reactions were
performed in a final volume of 100 pl and incubated for 1h at
37 °C. At the end of the reaction, fluorescence was measured on a
Berthold Twinkle LB 970 fluorimeter (/ex = 340 nm, /e, = 405 nm,
lamp energy = 10,000). For each enzyme tested, a positive control
using a specific substrate was also performed in parallel (not
shown).

Limits of detection and quantitation of LTA4H using PL553

Decreasing concentrations of recombinant LTA4H (1.0-0.05 pg/
ml) were incubated with 40 uM PL553 for 5 h at 37 °C in 100 pl of
50 mM Tris-HCl (pH 7.4) and 100 mM NaCl buffer. The reaction
was performed in black 96-well microplates and read on a Berthold
Twinkle LB 970 (/ex=340nm, /.n=405nm, lamp energy=
10,000). Repeated measures of PL553 substrate diluted to its final
assay concentration in 50 mM HCl (pH 7.4) and 100 mM NacCl reac-
tion buffer and incubated at 37 °C were performed. Fluorescence
was read as described above. The PL553 limit of detection (LOD)
value was calculated using LOD = mean + 3SD, where mean corre-
sponds to the mean value of the signal produced by the substrate
diluted in reaction buffer and SD corresponds to the standard
deviation from that mean signal [25]. The obtained LOD value
was then reported on the LTA4H standard curve to obtain the low-
est detectable enzyme concentration. The limit of quantitation
(LOQ) of the PL553 assay was obtained using the statistical
method, in which its value is set at 10 standard deviations above
the mean blank value. The obtained LOQ was reported on the
LTA4H standard curve so as to obtain the lowest quantifiable
LTA4H concentration.

Inhibitory potency measurements

To determine the in vitro inhibitory potencies or K; values of dif-
ferent inhibitors toward LTA4H, 0.6 pig/ml recombinant enzyme
was preincubated for 30 min at 37 °C in 50 mM Tris-HCl (pH 7.4)
and 100 mM NaCl, with increasing concentrations of inhibitor
(from 10~ to 10~* M final concentration). The fluorescent sub-
strates PL553 (40 pM) and (1 )-Ala-p-naphthylamide (1 mM) were
added in a final volume of 100 pl and incubated at 37 °C for 15 min.
The fluorescent values were measured on a Berthold Twinkle LB
970 (Jex=340 nm, /¢, =405 nm, lamp energy = 10,000). Samples
with 0% hydrolysis were obtained by adding the substrate to the
buffer, and samples with 100% relative activity were prepared
without the inhibitor. The percentage of cleavage was evaluated
and compared with 100% relative activity, and the ICsp values were
determined accordingly. The K; values of the inhibitors (mean of at
least three independent assays in duplicate) were calculated using
the equation K;j = [Cso/(1 + [S]/Km), assuming their mode of binding
to be competitive.

Inhibitory potencies toward APN were evaluated according to
the same protocol but using (1.)-Ala-B-NA (50 uM) in 50 mM Tris~
HCl (pH 7.4). H-Glu-AMC (Bachem) was used at a concentration
of 10 uM in 25 mM Tris-HCl (pH 8.0), 50 mM CaCl,, 200 mM NaCl,
and Triton (0.05%) to measured APA inhibition (20 ng/ml, human
recombinant, R&D Systems). APP inhibition (10 ng/ml, human re-
combinant, R&D Systems) was measured in 50 mM Tris (pH 7.4)
and using the H-Lys-(Abz)-Pro-Pro-pNA substrate (20 pM, Ba-
chem). LAP (200 pg/ml, ICN) was used in 25 mM Tris (pH 8.0)
and with t-Leu-p-NA (100 1M, Sigma). NEP inhibition (100 ng/ml,
rabbit kidney) was measured using Suc-Ala-Ala-Phe-AMC
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substrate (20 uM, Bachem) as described previously [26]. The fluo-
rescent signal from 7-amido-4-methylcoumarin (AMC)-containing
substrates was measured as described using the Berthold appara-
tus (Jex = 340 nm, /g, = 460 nm, lamp energy = 10,000).

Ex vivo LTA4H activity

The ME pro-drugs of compounds 2 to 4 were each administered
to three male OF1 mice {Charles River Laboratories, France) at
30 mg/kg intravenously in ethanol/Tween 80/water (1:1:8, v/v/v),
whereas three other mice received vehicle alone (controls). Animals
were euthanized 15 min postinjection, and their spleens and lungs
were dissected out, rinsed with physiological serum, and stored at
-80°C. On the day of the experiment, the organs were weighed
and homogenized in 50 mM Tris-HCl (pH 6.8) with 100 uM phen-
ylmethanesulfonyl fluoride (PMSF) and 100 pM leupeptin (50 mg
tissue/ml) using a polytron. The tissue homogenates were then cen-
trifuged for 30 min at 5000 rpm at 4 °C, and the supernatants were
collected. The total protein concentrations were quantified using
the Bradford method. The tissue LTA4H enzymatic activity was as-
sessed using either 1 mM t-Ala-B-NA or 40 pM PL553 using 400 pg/
ml protein. Assays were incubated for 5 h at 37 °C, and fluorescence
was measured on a Berthold Twinkle LB 970 fluorimeter (/ax = 340 -
nm, /em=405nm, lamp energy = 10,000). For each assay, total
activity (TA) was measured in the presence of tissue and substrate
alone, whereas nonspecific activity (NSA) was measured in the
presence of an excess of LTA4H inhibitor (10 uM kelatorphan) or
with the same amount of a heat-denatured protein preparation
(10 min at 70 °C). The specific activity (SA) of LTA4H is obtained
by subtracting the measured nonspecific activity (using inhibitor)
from the total activity (SA=TA — NSA). These specific activities
were then transformed in percentages taking the specific activity
of the control animal as 100%. Statistical analyses (Student’s ¢ test)
were performed using GraphPad Prism 4. The FAAH enzymatic
activity contained in the same tissue preparations was assessed
using 40 tM AMC arachidonoyl amide (Cayman Chemical) in
50 mM Tris (pH 9.) and 1 mM EDTA. Fluorescence was read after
5h at 37 °C (Jex =340 nm, /ey, =460 nm, lamp energy = 10,000),
and the FAAH specific activity was calculated by subtracting the
base fluorescence from the substrate, measured in the same condi-
tions, from the total activity.

Measurement of LTB4 levels by enzyme immunoassay

Endogenous LTB4 was extracted from the mice spleen cytosolic
preparations using SEP-PAK C18 1CC cartridges (Waters), concen-
trated under reduced pressure and reconstituted in Tris buffer,
supplied in the LTB4 immunoassay kit {Sapphire Bioscience).
LTB4 concentrations were then measured following the recom-
mendations of the manufacturer.

Results
Peptide substrate synthesis and screening

The synthetic pathway used for the preparation of the different
o-aminoacyl-B-naphthylamides 1a to 1f is reported in Supplemen-
tal Fig. 1 of the supplementary material. These compounds corre-
spond to optically pure molecules of (S) configuration. They were
initially screened using both LTA4H and APN in the same condi-
tions and in comparison with the commonly used nonselective
substrate Ala-B-NA. As shown in Fig. 1, LTA4H preferentially
cleaved compound 1d, followed by 1a and 1f, whereas 1b was
barely cleaved and 1¢ and 1e were not substrates. For APN, only
1a and 1b appeared to be cleaved by APN, albeit much less

efficiently than Ala-B-NA. Thus, this rapid screening revealed that
peptide 1d [(1)-(4-benzoyl)Phe-B-NA] was efficiently and selec-
tively cleaved by LTA4H as compared with APN. Therefore, this
substrate designated as PL553 was kept for further development.

Spectrofluorimetric characteristics of PL553

The UV spectrum of the PL553 substrate revealed a maximum
absorption (Zmax) of 210 nm (&= 209,090 M~"cm™") (not shown).
The fluorescent spectra obtained after excitation at 340 nm of the
PL553 substrate and of its fluorescent cleavage product, B-NA,
show that they both display a single emission maximum
(Jem =410 nm). At that maximum, B-NA emits a fluorescent signal
of nearly 1000 relative fluorescent units (RFU), whereas the PL553
substrate emits a signal of approximately 56 RFU for a signal-to-
noise ratio of 16 (Fig. 2).

Enzymatic activities

Because of the discrepancy in the literature concerning the con-
ditions in which the aminopeptidase activity of LTA4H should be
tested, particularly concerning the pH, experiments were per-
formed to determine the optimal pH of LTA4H aminopeptidase
activity using PL553. Moreover, to confirm the activation of LTA4H
by chloride ions [27], this study was performed in the presence or
absence of 100 mM NaCl. Results of these experiments reveal that,
in Tris—HCI buffer, human recombinant LTA4H cleaved PL553 at an
optimal pH of 6.8, whereas the addition of NaCl induced a slight
shift in that optimum, which displayed a plateau between 7.0
and 7.5 (Fig. 3A). The enzymatic activity was increased in the pres-
ence of 100 mM NaCl, particularly between pHs 7.0 and 8.0
(Fig. 3A). Overall, these results prompted the use of 50 mM Tris—
HCl (pH 7.4) and 100 mM NaCl as LTA4H reaction buffer for the
PL553 assay.

Kinetic parameters and selectivity of PL553

Using the conditions set forth, the kinetic parameters of PL553
toward LTA4H were determined. Results reveal that the substrate
binds to the active site of the enzyme with a good apparent affinity,
expressed by its K;;, of 16 £ 3 puM, but that it is slowly cleaved with
a key 0f 0.62 + 0.08 s ! (Fig. 3B). Nevertheless, with a catalytic effi-
ciency (kea/Km) of 3.8 £0.5 x 10*M~'s~", PL553 appears to be a
much better LTA4H substrate than (L)-Ala-p-naphthylamide
(4.09 x 10> M~' s~1). In addition to APN, PL553 was further shown
to be resistant to cleavage by other aminopeptidases (APA, APB,
ERAP-1, and ERAP-2 of the M1 family as well as LAP of the M17
family and APP of the M24 family of metalloproteases) (Fig. 3C).
Interestingly, PL553 was cleaved by FAAH (not shown), a serine
hydrolase involved in the degradation of numerous bioactive fatty
acid amides [28].

In vitro characteristics of PL553 assay

Using a concentration of 40 M PL553 and decreasing concen-
trations of LTA4H, the fluorescent signal was found to be linear
over a 2-h incubation for low concentrations of enzyme (i.e., up
to 0.4 pg/ml), with the reaction being complete after 5h
(Fig. 4A). Linearization of the fluorescence values obtained after
an incubation of 2 h (not shown) or 5 h yielded linear calibration
curves (R?=0.97). After 5h, linearization of the lowest enzyme
concentrations shows an LOD of the PL553 assay of 0.008 pg/ml
enzyme and an LOQ of 0.02 pg/ml LTA4H, corresponding to 2 ng
of enzyme in the assay (Fig. 4B). The LOD and LOQ of the assay after
only 2 h of incubation were 0.02 and 0.05 pg/ml, respectively (not
shown).
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Fig.2. (A) LTA4H (human recombinant) cleaves PL553 at its amide bond, releasing
the nonfluorescent moiety L-(4-benzoyl)phenylalanine from the fluorescent p-NA.
(B) Emission spectra of the PL553 substrate (W) and of the p-NA metabolite (a),
each diluted to 10 pM in 50 mM Tris-HCl (pH 7.4) and 100 mM Na(l and measured
on a PerkinElmer fluorimeter at 340 nm,

Inhibitory potencies

To further validate the use of the novel PL553 assay in vitro, the
inhibitory potencies of known competitive inhibitors were deter-
mined in parallel using PL553 and the reference (1)-Ala-B-NA sub-
strate (Table 1). Results show that the same potencies are obtained
using either substrate, validating the use of the currently designed
specific substrate for LTA4H enzymatic activity. Thus, whereas
PC18 (methionine thiol) [29], a specific APN inhibitor, bound
LTA4H with only moderate micromolar apparent affinity
(Ki =577 £33 uM), kelatorphan [30] and the recently published
glutamic acid analog, compound 2 [2-amino-5-(4-(benzyloxy)phe-
nylamino)-5-oxopentanoic acid], inhibited LTA4H with K; values in
the nanomolar range, as described previously [24] (Fig. 5 and
Table 1).

Thereafter, new amino-phosphinic compounds 3 to 5, designed
as potential inhibitors of LTA4H, were also tested and shown to in-
hibit the enzyme with K; values in the nanomolar range, with the
two best compounds being 3 and 4, displaying K; values of approx-
imately 5 nM (Table 2). Using PL553, the ME forms of these com-
pounds were found to possess K; values of 78.7+0.3 and
15.6 + 0.2, respectively (not shown). Selectivity of these novel com-
pounds toward other metalloproteases was also investigated.
Interestingly, all three inhibitors appeared to be specific toward
LTA4H in that they did not bind other aminopeptidases such as
APN, APA, APP, and LAP or NEP, which, for instance, binds kelator-
phan with high affinity (Table 2).

Ex vivo LTA4H activity

The (1)-Ala-B-NA and PL553 assays were compared for the eval-
uation of LTA4H activity using ex vivo tissue preparations. For this
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Fig.3. (A) Determination of the optimal pH of LTA4H using PL553 (40 uM) in
50mM Mes (pHs 5.0 and 6.0, O] and M) or 50 mM Tris-HCl (® and O),
supplemented (full line and symbols) or not (dotted line and open symbols) with
100 mM NaCl. (B) Kinetic parameters of the PL553 substrate. Increasing concen-
trations of PL553 were incubated for 10 min at 37 °C in 50 mM Tris-HCl (pH 7.4)
and 100 mM NaCl containing 0.6 pg/ml LTA4H. The K,,, of PL553 was 16 + 3 M, and
the catalytic constant k., was 0.62+0.09s ', leading to a specificity constant
(kca/Km) 0f 3.8£0.5 x 10°M 's '. (C) Specificity study of PL553 versus various
aminopeptidases. PL553 (40 M) was incubated with the different aminopepti-
dases at 37 °C for 1 h as described, and the fluorescent signal was read on a Berthold
TwinkKle (/ex = 340 N, /e, = 405 nm, lamp energy = 10,000). Deltas (A) of fluores-
cence represent the signal measured in the presence of a given enzyme minus the
signal of the substrate diluted in buffer alone.

purpose, male mice were injected intravenously with either vehi-
cle or the ME form of compound 2 [24] as well as the ME forms
of the two most potent inhibitors synthesized in this study, that
is, compounds 3 and 4. To best maintain protein integrity, as well
as to limit the expression of contaminating activities, the cytosolic
fractions were prepared in the presence of leupeptin as well as the
irreversible serine protease inhibitor PMSF. This, combined with
the addition of an LTA4H inhibitor (here kelatorphan or EDTA) to
measure nonspecific activity, allowed for the nearly complete lack
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Fig.4. LOD and LOQ values of LTA4H using PL553. (A) Decreasing concentrations of
LTA4H were incubated with 40 uM PL553 for 5 h at 37 °C in a Berthold Twinkle
fluorimeter (/ex = 340 nM, jem = 405 nm, lamp energy = 10,000), and the fluorescent
signal was measured every 15 min. The LTA4H concentrations used were 0.4 (A),
0.3(0), 0.2 (@),0.15(4),0.1(V), and 0.05 (a) pg/ml. M, Fluorescence of the peptide
substrate alone. (B) PL553 was diluted at a final concentration of 40 uM in a final
volume of 100 pl of 50 mM Tris-HCl (pH 7.4) and 100 mM NaCl reaction buffer.
Repeated measures of the signal emitted by these diluted solutions were recorded
and used to determine the LOD and LOQ values of this substrate, An LTA4H standard
curve was obtained by plotting the results obtained after 5 h of incubation at 37 °C
with PL553 (40 pM). The LOD and LOQ values of the substrate were reported on the
standard curve to obtain the lowest detectable and quantifiable LTA4H
concentrations.

of contaminating activity, including the serine protease FAAH
activity (Supplemental Fig. 3). The ex vivo inhibitory potency of
the ME form of compound 2, previously shown to cross the plasma
membrane [25], was measured in the spleen cytosolic fraction
from control mice and found to display a K; of 17.8 + 0.04 nM using
the PL553 assay (not shown). Moreover, using the same cytosolic
fractions from two tissues known to express LTA4H, lung and
spleen, its activity measured with (1)-Ala-B-NA did not appear to
be significantly inhibited by compound 2 to 4 ME administration
(Fig. 6A). However, when the same ex vivo experiment was per-
formed using the PL553 assay, a significant inhibition of the enzy-
matic activity measured in the tissues, ranging from 60 to 80%, was
observed (Fig. 6B and Supplemental Fig. 4). Interestingly, quantifi-
cation of endogenous LTB4, the metabolite resulting from LTA4H
activity by enzyme immunoassay, revealed parallel significant de-
creased levels of the leukotriene as compared with controls
(Fig. 6C).

Discussion

LTA4H belongs to the M1 family of zinc-dependent aminopep-
tidases and possesses structural and functional similarities with
APN. More detailed analysis of their 3D structures, however, pro-
vided evidence of a main difference that could be advantageously
used to design selective substrates for each peptidase. In LTA4H,



158 In vitro and in vivo leukotriene A4 hydrolase assay/H. Poras et al./Anal. Biochem, 441 (2013) 152-161
Table 1
Potency of LTA4H inhibitors measured with PL553 or (1)-Ala-p-Naphthylamide.
Compound Structure i (nM)
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Note: The fluorigenic substrate PL553 (40 M) was used to evaluate the potencies of known inhibitors toward LTA4H and compared with the results obtained with (1)-Ala-p-
NA (1 mM). K; values were obtained from data shown in Fig. 5 using the Cheng and Prussof equation [K; = 1Csp/(1 + [S]/Km)]-
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Fig.5. Inhibitory potencies of known inhibitors of LTA4H using PL553 and (1)-Ala-p-NA. (A and B) Use of PL553 (40 pM) in panel A was compared with that of (1)-Ala-p-NA
(1 mM) in panel B to evaluate the inhibitory potencies of PL250 (M), kelatorphan (a), compound 2 (O), and PC18 (#). Decreasing concentrations of inhibitors were diluted in
50 mM Tris-HCl (pH 7.4) and 100 mM NaCl with 0.6 pig/ml LTA4H and preincubated at 37 °C for 30 min. Reactions were then started by the addition of either substrate and
incubated for 10 min at 37 °C, and the fluorescent signal was read as described. The obtained K; values from the conversion of the obtained ICsq values assuming competitive

inhibition of studied inhibitors are reported in Table 1.

the S, subsite is very deep, binding the long lipid chain of LTA4 or
the 4-benzyloxyphenyl side chain of inhibitors such as compound
2 [22,24]. In Escherichia coli APN, binding to the S; subsite is hin-
dered by the presence of a methionine residue in position 260
[31,32], which in human APN is replaced by an alanyl residue
(Ala351), leading to a larger subsite [33] optimally occupied by a
phenethyl group [34,35].

Using these data, we designed new fluorescent substrates con-
taining different aromatic and polyaromatic P, side chains and
compared their cleavage by either APN or LTA4H (Fig. 1). Of these,
only two compounds appeared to be specifically cleaved by LTA4H,
compounds 1f and1d (PL553), with the latter producing by far the
most intense fluorescent signal (Fig. 1). The low signal produced by
1f can probably be attributed to its P, side chain, which is also
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Table 2
Inhibitory potencies of three novel compounds toward LTA4H and related metalloproteases.
Compound Structure Ki (nM)
LTA4H AN APA AP LAP NE
Compound 3 [ - e} 4.6+0.03 FFEE ] >10,000 >10,000 >10,000 >10,000
HP T ‘ﬁ" u/'\r( g
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N
o)\
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Note: The inhibitory potency of each compound was evaluated using 40 M PL553 for LTA4H, 50 pM L-Ala-p-NA for APN, 10 pM H-Glu-AMC for APA, 20 pM H-Lys-(Abz)-Pro-
Pro-pNA for APP, 100 puM 1-Leu-B-NA for LAP, and 20 uM Suc-Ala-Ala-Phe-AMC for NEP. The inhibitors did not bind FAAH (not shown).K; values were calculated from ICsq

values using the Cheng and Prussof equation [K; =Csof(1 + [S]/Km)].

found in very potent inhibitors of LTA4H [24]. Thus, it may well be
that cleavage of this substrate leads to a nonfluorescent metabolite
with high affinity for the enzyme, inhibiting the enzymatic reac-
tion. Moreover, it is interesting to note that compounds 1d and
1e, differing only at the junction between the two aromatic cycles
of their P, side chains, show such great differences in their catalytic
properties. To understand the high impact of this junction on
LTA4H recognition, these compounds were docked in the 3D struc-
ture of LTA4H (PDB ID: 1HS6) using GOLD software [36]. This dock-
ing revealed that the backbones of the two molecules are perfectly
superimposed in the active site, although compound 1d had the
capacity to form a stabilizing hydrogen bond between the carbonyl
of its P; side chain and the NH of Ala137 of the S; subsite of LTA4H.
This observation, combined with the lower flexibility of compound
1d as compared with compound 1e, likely provides compound 1d
with the better catalytic properties (Fig. 7).

Study of the kinetic parameters of 1d, PL553, toward LTA4H re-
vealed a Michaelis-Menten constant {K,;,) of approximately 16 puM,
a constant bettered 30-fold compared with the commonly used
Ala-B-NA (K =499 £ 72 uM) fluorescent substrate. Moreover, the
catalytic efficiency of PL553 (k../K,) was found to be
3.8+05 x 10*s~' M, that is, superior to that of Ala-B-NA by
approximately 10-fold (Fig: 3). More interesting, the PL553 sub-
strate, when tested against a panel of aminopeptidases, was found
to be highly selective for LTA4H (Fig. 3C). Even though the sub-
strate was also cleaved by the FAAH, revealing the ability of
PL553 to mimic the lipidic-type substrates derived from arachi-
donic acid, its activity was completely inhibited by the addition
of a nonspecific serine protease inhibitor in the assay. PL553 was
also resistant to cleavage by other related metallo-endoproteases
from the MA clan, such as neprilysin and ACE (not shown), further
underlying its selectivity.

Kinetic analysis of PL553 cleavage over 5 h shows the enzyme
concentration and time dependency of the fluorescent signal and
reveals that dose-response curves for LTA4H can be obtained rap-
idly, within 1 h, or in up to 5 h, depending on the enzyme concen-
tration sought. After 5 h, the PL553 assay reached the lowest LOD
(0.008 pg/ml) and LOQ (0.02 pg/ml), corresponding to 0.8 and 2 ng
per assay, respectively, reflecting its high sensitivity conferred by
the good specificity constant of the substrate. Use of the PL553 as-
say for in vitro inhibitory potency determination was validated by

comparing the results obtained using the assay in parallel with the
1-Ala-p-NA assay. Results of these experiments reveal that the K;
values obtained using PL553 are comparable to those obtained
using L-Ala-B-NA (Fig. 5 and Table 1) as well as those reported pre-
viously using the epoxide assay. Indeed, for example, kelatorphan
(K; =6 nM in this study) was initially reported to inhibit the epox-
ide activity with an ICsg of 5 nM and of 7 nM using the aminopep-
tidase assay [37} and more recently with K; values of 11 and 9 nM,
respectively [38]. Moreover, compound 2, reported to display an
IC50 value of 20 nM [25] using the aminopeptidase assay, was
found here, using PL553, to possess a K; of approximately 16 nM
(Fig. 5 and Table 1). Although compound 2 was shown to be inac-
tive in the whole blood LTA4 hydrolase assay, its ME form dis-
played an ICso of 48 nM, revealing its epoxide cleavage inhibiting
potency related to its capacity to cross the cell membrane. Interest-
ingly, the PL553 assay performed in the presence of a tissue prep-
aration expressing LTA4H allowed the determination of an ex vivo
K; for the ME form of compound 2 (17.8 nM) (not shown).

Taking into account the ability of some amino-phosphinic com-
pounds designed for the inhibition of APN [34] to bind the LTA4H
active site at the level of its S| and S, subsites [38], chemical mod-
ifications of these molecules that could induce a selective LTA4H
recognition were explored. The most interesting results were ob-
tained with compounds containing saturated cyclic structures such
as cyclopentyl or piperidinyl moieties at the P*; level (compounds
3-5). Indeed, these molecules were found to inhibit LTA4H with
low nanomolar potencies evaluated with the PL553 assay at
approximately 5 nM for compounds 3 and 4, whereas compound
5 appeared to be slightly less potent, with a K; of approximately
30 nM (Table 2). Moreover, the three compounds were selective
for LTA4H in that they did not inhibit APA, APP, or LAP aminopep-
tidases (ICso > 107> M) (Table 2). Although compound 3 could bind
APN with an affinity of 223 £+ 2 nM, it remained nearly 50 times
more potent against LTA4H. Changing the cyclopentyl moiety of
compound 3 to a more cumbersome piperidinyl moiety (com-
pound 4) did not alter the potency toward LTA4H but had a great
impact on binding to APN, reducing the inhibitory potency of the
resulting molecule to approximately 2.4 uM and suggesting that
LTA4H inhibitor specificity lies within its S} subsite.

To demonstrate the usefulness of the PL553 assay in the inves-
tigation of LTA4H physiological functions and in the development



160 In vitro and in vivo leukotriene A4 hydrolase assay /H. Poras et al./Anal. Biochem. 441 (2013) 152-161

A T

-
=1} =} =
= ==} =
L 3 3

%Cleavage
e
=
L

By
=
i

(=)
—

T T T
c Cpd2ME Cpd 3ME Cpd4ME

100+

80+

% Cleavage
a

Cpd 2ME Cpd 3ME Cpd 4ME

c 4000 -

3000 4

2000 -

[LTB4]
{pg/mg protein)

1000 4
o

Fig.6. In vivo inhibition of LTA4H-related LTB4 formation. ME derivatives of
compounds (Cpd) 2 to 4 were administered to male mice at 30 mg/kg intrave-
nously, and the spleens were dissected 15 min after injection and stored at —80 °C.
Controls (C) correspond to intravenous injection of the same volume of vehicle
without inhibitors. The tissues were homogenized and the LTA4H activity was
quantified in 400 pg/ml of a cytosolic fraction using either (t)-Ala-B-NA (1 mM) (A)
or PL553 (40 uM) (B) in 100 pl of 50 mM Tris (pH 7.4) and 100 mM NaCl. (C) Tissue
LTB4 concentrations were assayed in paralle! in the cytosolic fraction by enzyme
immunoassay. *P <0.05 and **P <0.01 versus control; Student’s ¢ test.
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of drugs targeting its activity, we performed in vivo experiments
using the previously published compound 2 as a positive control
as well as two novel, specific phosphinic compounds, 3 and 4, de-
scribed here. For these experiments, for the drugs to cross the plas-
ma membranes of the LTA4H-expressing cells [25], the ME pro-
drug forms of the three molecules were used. Results of these
experiments displayed in Fig. 6 (combined with those of Supple-
mental Figs. 3 and 4) show that the PL553 assay is the first and
only assay able to selectively detect and quantify endogenous
activity of LTA4H as well as to assess the impact of the administra-
tion of targeted drugs in animal tissues. This is demonstrated by
the observed parallel inhibitor-induced decrease of the aminopep-
tidase activity as well as of the endogenous pro-inflammatory LTB4
leukotriene levels produced by the epoxide hydrolase activity of
LTA4H. Taken together, these results demonstrate the link between

Alaiay

Trp31l

st 5
Fig.7. Superimposition of compounds 1d (red) and 1e (turquoise) inside the S,
subsite of LTA4H (PDB ID: 1HS6) using GOLD software [6]. The catalytic Zn®* is in
purple. The carbonyl of the benzophenone side chain of 1d is hydrogen bonded of

the NH of Ala137. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

the aminopeptidase activity of the enzyme and its hydrolase
activity, and they underlie the critical role of the S; side chain
occupation of the enzyme by PL553.

In conclusion, the design of PL553, the first selective LTA4H
substrate, leads to a novel LTA4H enzymatic assay with unique
high specificity and sensitivity, providing a useful tool for the
assessment of LTA4H activity in vivo. This novel assay can also
be used on different cell fractions or extracts to help identify the
subcellular expression pattern of this enzyme. indeed, LTA4H is
thought to produce LTB4 at the intracellular level, more precisely
in the cytosol of LTA4H-expressing cells. However, although the re-
cent identification of an endogenous tripeptide substrate of LTA4H
also unravels a physiological basis for the observed aminopepti-
dase activity of the enzyme [15], questions still remain as to the
exact subcellular location of this activity because the identified
Pro-Gly-Pro substrate is located extracellularly [15]. Although this
could be in agreement with the reported expression of a soluble
LTA4H in human plasma or bronchoalveolar lavage, its activity
there still remains to be clearly demonstrated [15]. Finally, as
shown in this study, the PL553 assay provides the only specific tool
for the simple and rapid screening of inhibitors of LTA4H-induced
leukotriene formation as well as for the study of their impact in
inflammatory diseases, for example, providing a link between an
observed pharmacological effect and an in vivo inhibition of enzy-
matic activity.
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