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Human laeverin/aminopeptidase Q (LVRN/APQ) is a novel
member of the M1 family of zinc aminopeptidases and is specif-
ically expressed on the cell surface of human extravillous
trophoblasts. Multiple sequence alignment of human M1 amino-
peptidase revealed that the first Gly residue within the conserved
exopeptidase motif of the M1 family, GXMEN motif, is uniquely
substituted for His in human LVRN/APQ. In this study, we eval-
uated the roles of nonconserved His>”?, comprising the exopep-
tidase motif in the enzymatic properties of human LVRN/APQ.
We revealed that the substitution of His*”® with Gly caused sig-
nificant changes in substrate specificity both toward fluorogenic
substrates and natural peptide hormones. In addition, the sus-
ceptibilities of bestatin, a sensitive inhibitor for human LVRN/
APQ, and natural inhibitory peptides were decreased in the
H379G mutant. A molecular model suggested a conformational
difference between wild-type and H379G human LVRN/APQs.
These results indicate that His*”® of the enzyme plays essential
roles in its distinctive enzymatic properties and contributes to
maintaining the appropriate structure of the catalytic cavity of
the enzyme. Our data may bring new insight into the biological
significance of the unique exopeptidase motif of LVRN/APQ
obtained during the evolution of primates.

The M1 family of mono-zinc aminopeptidases is widely dis-
tributed in bacteria, fungi, plants, and animals (1, 2). They
hydrolyze peptide bonds linking to the N-terminal amino acids
of peptide or protein substrates. The human M1 family consists
of 11 enzymes that participate in many important physiological
events, such as reproduction (3), angiogenesis (4-6), antigen
presentation (7—10), blood pressure control (11-13), and mem-
ory retention (14), and thus play essential roles in the mainte-
nance of homeostasis.
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M1 aminopeptidases share two conserved domains:
HEXXH(X),4E gluzincin motif and the exopeptidase motif,
which is conserved as a GAMEN sequence in most members.
The function of each conserved residue within these motifs
has been elucidated using site-directed mutagenesis. For
instance, two His residues and the second Glu within the
HEXXH(X),4E motif coordinate the zinc atom essential for
catalytic activity. The first Glu in the motif polarizes to the
water molecule that coordinates the zinc atom and promotes
nucleophilic attack of the carbonyl carbon of the peptide bond
forming a tetrahedral intermediate in water (15). The con-
served Glu within the exopeptidase motif, the GAMEN
sequence, was shown to be involved in recognition of the a-
amino group of substrates (16, 17).

Laeverin (LVRN)* was originally identified as a cell-surface
protein specifically expressed on human extravillous tropho-
blasts (18). The cDNA cloning of human LVRN revealed that it
contains both consensus motifs and is a novel member of the
family. Another group predicted the existence of the LVRN
gene in the human genome through a genomic search and
named it aminopeptidase Q (APQ) (19); however, its exopepti-
dase motif is uniquely composed of the HAMEN sequence,
making its enzymatic activity uncertain. Recently, we estab-
lished a large scale production system for a recombinant human
LVRN/APQ and characterized its physicochemical and enzy-
matic properties (20). We found that the enzyme is indeed a
novel leucine aminopeptidase with relatively high sensitivity to
an aminopeptidase inhibitor, bestatin, and degraded several
placenta-derived peptide hormones, such as angiotensin III,
endokinin C, and kisspeptin-10. Considering the susceptibility
of these peptides and their specific expression in the placenta, it
was speculated that LVRN/APQ plays important roles in the
maintenance of normal pregnancy in humans.

In this study, we investigated the catalytic mechanisms of
human LVRN/APQ by site-directed mutagenesis to further
evaluate its enzymatic properties. In the comparison of primary
sequences between M1 aminopeptidases, we focused on the

“The abbreviations used are: LVRN, laeverin; APQ, aminopeptidase Q; MCA,
4-methylcoumaryl-7-amide; P-LAP, placental leucine aminopeptidase;
APA, aminopeptidase A; APN, aminopeptidase N; HPLC, high performance
liquid chromatography; PIPES, 1,4-piperazinediethanesulfonic acid.
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His®”® residue uniquely substituted in the exopeptidase motif of
human LVRN/APQ. It was shown that the substitution of
His®*”® with Gly caused changes in substrate specificity and
enzymatic properties of the enzyme. Construction of a three-
dimensional model revealed a significant difference in the
structure of the catalytic pocket between wild-type and mutant
enzymes, suggesting an important role of His®>”® in the unique
properties of the enzyme by the formation of an appropriate
cavity structure.

EXPERIMENTAL PROCEDURES

Multiple Sequence Alignment and Phylogenetic Analysis of
LVRN/APQ—The entire amino acid sequence of human
LVRN/APQ was aligned with the whole sequences of other
human M1 aminopeptidases and its orthologues using Clust-
alW2 software without taking known three-dimensional struc-
tural information into account.

For phylogenetic analyses, we used the nucleotide sequences
encoding whole open reading frames of human M1 aminopep-
tidases and LVRN/APQ orthologue genes. Multiple sequence
alignments of the nucleotide sequences of M1 aminopeptidase
genes were carried out in a similar way for protein sequence
alignments. From the alignment data, calculation of evolution-
ary distances and construction of phylogenetic trees were per-
formed with the neighbor-joining method through Clustal W2
software. Nonrooted phylogenetic trees were displayed using
TreeView software.

Site-directed Mutagenesis—To obtain a large amount of
recombinant human LVRN/APQ, we slightly modified its
c¢DNA by PCR. Briefly, to express the enzyme as a soluble pro-
tein, the coding sequences for the cytosolic and transmembrane
region of the enzyme (Met'-GIn®*) were replaced with that for
human trypsin II signal peptide (i.e. MNLLLILTFVAAVAA)
(21). Hexahistidine tag was added at its C-terminal end. Ampli-
fied cDNA was cloned into the BssHII-Xhol site of the baculo-
virus transfer vector pFastbac-1 (Invitrogen). The cDNAs
encoding mutant human LVRN/APQs were generated using a
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). The primers used to introduce nonsynonymous muta-
tions (underlined nucleotides) into human LVRN/APQ cDNA
were as follows: His®”” to Gly sense primer, 5'-gtctagttttgaca-
acggtgcaatggaaaactgg-3’, and antisense primer, 5'-ccagtttt-
ccattgcaccgttgtcaaaactagac-3'; His*”® to Phe sense primer, 5'-
gtctagttttgacaactttgcaatggaaaactgg-3’, and antisense primer,
5’-ccagttttccattgcaaagttgtcaaaactagac-3'; His®”® to Lys sense
primer, 5'-gtctagttttgacaacaaggcaatggaaaactgg-3’, and anti-
sense primer, 5'-ccagttttccattgecttgttgtcaaaactagac-3'; and
His®*”® to Leu sense primer, 5'-gtctagttttgacaaccttgcaatggaaaa-
ctgg-3’, and antisense primer, 5'-ccagttttccattgcaaggttgtcaaaa-
ctagac-3'. The sequences of the products were confirmed by
automated sequencing on an Applied Biosystems model 3730
(Foster City, CA). Replacement of Gly**” of human aminopep-
tidase A (APA) (11, 22), comprising the GAMEN motif, with
His was carried out in a similar way using sense 5’-tccagattttg-
gcactcatgccatggagaactgg-3' and antisense 5'-ccagttctccatgge-
atgagtgccaaaatctgga-3’ primers. To generate recombinant bac-
mid DNA containing LVRN/APQ cDNAs, the generated
transfer vectors were transformed to competent DH10Bac
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Escherichia coli cells harboring the baculovirus genome (bac-
mid) and a transposition helper vector (Invitrogen).

Expression and Purification of Recombinant LVRN/APQs ina
Baculovirus System—Sf9 insect cells were transfected with bac-
mid DNA using Cellfectin reagent (Invitrogen), and after 72 h
incubation, recombinant baculoviruses were harvested. For the
expression of recombinant LVRN/APQs, Sf9 cells (2.0 X 10°/
ml) infected with the recombinant baculovirus (multiplicity of
infection = ~1-3) were cultured for 72 h in 3 liters of SFM-900
III medium (Invitrogen) at 27 °C supplied with 8.0 ppm of O,
(Cellmaster-1700; Wakenyaku, Kyoto, Japan).

The conditioned media containing recombinant LVRN/
APQs were collected by centrifugation and then applied to a
hydroxyapatite column (2.5 X 10 cm) (Nacalai Tesque, Kyoto,
Japan) equilibrated in 50 mm Tris/HCI buffer (pH 7.5) and
eluted with 100 mm sodium phosphate buffer (pH 7.5). The
eluates were applied to a Ni*"-chelating Sepharose column
(1.0 X 10 cm) (GE Healthcare) and then eluted with 200 mm
imidazole. Production and purification of a soluble form of
wild-type and G357H human APAs were also carried out in an
essentially identical procedure except for using DEAE anion-
exchange chromatography instead of hydroxyapatite column
chromatography (11, 22). After purification, all enzymes gave a
single band with a molecular mass of ~120 kDa on SDS-PAGE
(data not shown).

Measurement of Aminopeptidase Activity of LVRN/APQs—
Aminopeptidase activities of LVRN/APQs were determined
with various fluorogenic substrates, aminoacyl-4-methylcou-
maryl-7-amides (aminoacyl-MCAs). The reaction mixture
containing various concentrations of aminoacyl-MCA and the
enzyme in 0.5 ml of 25 mm Tris/HCl buffer (pH 7.5) was incu-
bated at 37 °C for 5 min. The amount of 7-amino-4-methylcou-
marin released was measured by spectrofluorophotometry
(F-2000; Hitachi, Tokyo, Japan) at an excitation wavelength of
360 nm and an emission wavelength of 460 nm. The kinetic
parameters were calculated from Lineweaver-Burk plots. The
results are represented by K, k., and k,,/K,,, values. All meas-
urements were performed in triplicate. The K; values for amino-
peptidase inhibitors and peptide hormones were measured
using Leu-MCA (100 um) as a substrate and calculated from
Lineweaver-Burk plots.

Cleavage of Peptide Hormones by LVRN/APQs—Human
peptide hormones (Peptide Institute, Osaka, Japan) (25 um)
were incubated with the enzyme (1 pg/ml) at 37 °C in 25 mm
Tris/HCl buffer (pH 7.5). The reaction was terminated by add-
ing 2.5% (v/v) formic acid. The reactants and products were
separated on a reverse phase column, COSMOSIL (4.6 X 250
mm) (Nacalai Tesque, Kyoto, Japan), using an automated
HPLC system (AT-10; Shimadzu, Kyoto, Japan). Peptides gen-
erated from angiotensin III and endokinin C were isocratically
eluted with the following buffers at a flow rate of 0.5 ml/min: for
peptides from angiotensin III, 19% acetonitrile containing
0.086% trifluoroacetic acid; for peptides from endokinin C, 30%
acetonitrile containing 0.084% trifluoroacetic acid. Peptides
generated from dynorphin-related peptides (Met-enkephalin
and dynorphin A-(1-8), -(1-13), and -(1-17)) were loaded
onto the column equilibrated in 10% acetonitrile containing
0.088% trifluoroacetic acid and eluted with a linear gradient of

JOURNAL OF BIOLOGICAL CHEMISTRY 34693



Exopeptidase Motif of Human LVRN/APQ

A

LVRN/APQ
APA

PSA
P-LAP/IRAP
A-LAP/ERAP1
L-RAP/ERAP2
TRH-DE

APN

APB

LTA4H

APO

B

Homo sapiens
Pan troglodytes
Macaca mulatta
Bos taurus
Equus caballus

Canis lupus familiaris

Rattus norvegicus
Mus musculus

enzymes are shaded. His

GXMEN motif

KIAIPDEGT]
LIAIADFAA
LVAIPDFEA
LAAIPDFQS
LIAIPDFAP
LLAVPKHPY]
QIGLPDENA|
LFMPPSFPF]
LVLPPSFPY]
LIVPANEPS|

—

GAME
GAME
GAME
GAME.
GAME
RAME
GAME.
GGME
GGME.

HEXXH(X),5 E motif

I IALPSFDMWGLMI FDESGLLLEPKDQLTEKKTLISYVVS

[WGLITYRETNLLYDPKESASSNQQRVATVVA
WGLVTYRETALLIDPKNSCSSSRQWVALVV!

WGLLTFREETLLYDSNTSSMADRKLVTKIIA
[WGLTTYRESALLFDAEKSSASSKLGITMTVA
WGLITYRETSLLFDPKTSSASDKLWVTRVIA
WGLSIFVEQRILLDPSVSSISYLLDVTMVI

[WGLVTYRENSLLFDPLSSSSSNKERVVTVIA
PCLTFVTPCLLAGDRS-—-—--—--— LADVII]
PCLTFVTPTLLAGDKS-—-—————— LSNVIA

LGMAYPHIMFLSQSILTGGNHLCG-—--—----— TRLQ

HE I GH]
HELVH|
HELAH|
HE LAH|
HELAH|
HE LAH|
HE ICH|
HELAH|
HEISH|
HE I SH|

PWEFGNLVTMNWWNN I WLN]|
RWEFGNIVTMDWWEDLWLN]
PWEFGNLVTMEWWTHLWLN]|
PWEGNLVTMKWWNDLWLN]|
PWEGNLVTMEWWNDLWLN]
PWEGNLVTMEWWND IWLK]|
PWEGDLVTPVWWEDVWLK|
PWEGNLVT IEWWNDLWLN]

WEGNLVTNANWGE FWLN]|
SWTGNLVTNKTWDHEWLN]|

HETAHRWFGLAIGARDWTEEWLS|

APN

LVRN/APQ

TRH-DE

I P-LAP/IRAP

0.1

GXMEN motif
1

IIALPSFDI

IIALPSFDN]
IIALPSFDN]
IIALPTFDN|
IIALPTFDK]
371
367
367

IIALPTEVN|
IVALPIFAS

IIALPTFDNGSAME!

BavE
AME
AME
RAME
RAME

AME
AME

A-LAP/ERAP1
L-RAP/ERAP2

HEXXH(X),5 E motif

GFASYFE
GFASFFE
GFASWIE
GFATFME
GFAKFME
GFAKYME
GFAHYFE
GFASYVE
GETMYAQ
GHTVYLE
GFATHLE

APO
APB
LTA4H

WGLMIFDESGLLLEPKDQLTEKKTLISYVVS
(WGLMIFDESGLLLEPKDQLTEKKTLISYVVS
WGLMIFDESVLLLEPKDQLTEKKILISYIVSY
[WGLLIFDESLLLLQOPNDKLTEKKIMISYIVY
WGLLMFDESLLLLQPEDQLTEKKTVISSIVS
WGLLIFDESLLLMQPNDQVTDKKAVISFILSY
WGLMIFDAS-LLLELDDDLPEKRAMILSIL

WGLLIFDESSLLLEPEDELTEKRAMILSIIA

HEIGH]
HEIGH]
HEIGH]
HEIGH]
HE I GH]
HEIGH|
HEVGH]
HEVGH]

Canis lupus familiaris LVRN/APQ
Macaca mulatta LVRN/APQ

[ Homo sapiens LVRN/APQ
Pan troglodytes LVRN/APQ

QWEFGNLVTMNWWNN IWLN]
QWEFGNLVTMNWWNN IWLN]
QWEGNLVTMNWWNN IWLK]
QWEFGNLVTMNWWNN IWLN]
QWFGNMV TMAWWNNLWLN]
QWEFGNLVTMNWWNDIWLK]
QWEFGNLVTMSWWNNIWLN]
QWEFGNLVTMSWWNNIWLN]|

| —— Rattus norvegicus LVRN/APQ

GFASYFE
GFASYFE
GFASYFE
GFASYFE
GFASYFE
GFASYFE
GFASYFE
GFASYFE

- Mus musculus LVRN/APQ

-I— Bos taurus LVRN/APQ
Equus caballus LVRN/APQ

0.1

FIGURE 1. Molecular evolution of LVRN/APQ. Alignments of the human LVRN/APQ amino acid sequence with
the sequences of other human M1 aminopeptidases (A, upper) and its orthologues (B, upper) are shown. Amino
acid sequence alignments around the GXMEN and HEXXH(X), gE motifs of M1 aminopeptidases are shown. Gaps
are inserted into the sequence to obtain optimal alignments. Residues conserved among more than six
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residue of human LVRN/APQ is boxed in black. Evolutionary relationships of human

M1 aminopeptidases (A, lower panel) and LVRN/APQ orthologues (B, lower panel) are shown. The bar shown
below the phylogenetic tree represents the genetic distance. The sequence data used for analyses are as
follows: A, LVRN/APQ (NM_173800) (18); APA (NM_001977) (46, 47); PSA, puromycin-sensitive aminopeptidase
(NM_006310) (48); P-LAP/IRAP, placental leucine aminopeptidase/oxytocinase/insulin-regulated aminopepti-
dase (NM_005575) (3); A-LAP/ERAP1, adipocyte-derived leucine aminopeptidase/endoplasmic reticulum amino-
peptidase-1 (NM_001040458) (49); L-RAP/ERAP2, leukocyte-derived arginine aminopeptidase/endoplasmic
reticulum aminopeptidase-2 (NM_022350) (9); TRH-DE, thyrotropin-releasing hormone-degrading enzyme
(NM_013381) (50); APN (NM_001150) (51); APB, aminopeptidase B (NM_020216) (52); LTA4H, leukotriene A,
hydrolase (NM_000895) (53); and APO, aminopeptidase O (NM_032823) (54). B, human (Homo sapiens,
NM_173800), monkeys (Pan troglodytes, XM_001149318, and Macaca mulatta, XM_001086413), cattle (Bos
taurus, XM_001788658), horse (Equus caballus, XM_001918093), dog (Canis lupus familiaris, XM_538554), rat
(Rattus norvegicus, XM_577617), and mouse (Mus musculus, XM_911283).

10% acetonitrile containing 0.088% trifluoroacetic acid to 30%
acetonitrile containing 0.084% trifluoroacetic acid in 20 min at
a flow rate of 0.5 ml/min, and peptides from kisspeptin-10 were
eluted with a linear gradient of 20% acetonitrile containing
0.086% trifluoroacetic acid to 40% acetonitrile containing
0.082% trifluoroacetic acid in 20 min at a flow rate of 0.5 ml/min.
The molecular masses of peptides were determined by matrix-
assisted laser desorption ionization-time of flight mass spectrom-
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etry with a REFLEX mass spectrome-
ter (Bruker-Franzen Analytik) using
a-cyano-4-hydroxycinnamic acid as
the matrix.

Molecular Modeling of LVRN/
APQ—The recently published x-ray
crystallographic structures of Ther-
moplasma  acidophilum  tricorn
interacting factor F3 (Protein Data
Bank code 1Z5H) (23) was used as a
template for modeling the catalytic
pocket of human LVRN/APQ us-
ing the three-dimensional Jigsaw
Protein Comparative Modeling
Server. The structures were dis-
played using the CueMol program
(R. Ishitani, CueMol, Molecular
Visualization Framework).

Materials—All fluorogenic sub-
strates and human peptide hor-
mones, except for dynorphin A-(1-
8), were purchased from the Peptide
Institute (Osaka, Japan). Bestatin
was obtained from Nacalai Tesque
(Kyoto, Japan). Dynorphin A-(1-8)
and amastatin were from Sigma.
Endokinin C mutant K2A peptide
was synthesized by the Research
Resources Center (Brain Science
Institute, RIKEN).

RESULTS

His®” in the Exopeptidase Mo-
tif of Human LVRN/APQ—Multiple
alignment of the M1 amino-
peptidase family was performed to
search for residues involved in the
catalytic action of human LVRN/
APQ (Fig. 1A). The exopeptidase
motif, GXMEN, is well conserved
among the family (2). Exceptionally,
whereas aminopeptidase O com-
pletely lacks the motif, the first Gly
in the motif of thyrotropin-releas-
ing hormone-degrading enzyme is
uniquely substituted with Ala
(AAMEN). LVRN/APQ is also uni-
que in that the first Gly in the motif
is substituted with His, having a
bulky side chain. Phylogenetic anal-

ysis of the human M1 family suggests that both LVRN/APQ
and thyrotropin-releasing hormone-degrading enzyme having
a substitution on the motif diverged from the ancestral amin-
opeptidase N (APN) gene. We next compared the exopeptidase
motif among LVRN/APQ orthologues (Fig. 1B). GAMEN
sequence substitutions were found in several mammalian spe-
cies (i.e. humans and monkeys (HAMEN), dogs (SAMEN), and
cattle and horses (RAMEN)) but not in mice and rats. It is note-
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TABLE 1
Kinetic parameters of wild-type and His3>’® mutant human LVRN/
APQs toward various aminoacyl-MCA

Kinetic parameters were determined from Lineweaver-Burk plots. Reactions took
place at 37 °C for 5 min.

Substrate LXII’{g/ K, Koot koK, X 103
M st L™t
Leu-MCA  Wild type 98.6 = 19 37.7 £4.8 385 %26
H379G 44.5 = 15 113+ 3.0 258 £ 19
H379F 119 £ 21 49.8 = 6.4 419 *+ 24
H379K 109 = 9.6 33.7 £27 308 £ 3.2
H379L 28.1 27 4.85 = 0.22 173 £ 11
Met-MCA  Wild type 65.0 = 5.0 109+ 1.0 168 = 4.3
H379G 264 * 6.3 3.59 = 0.66 137 £ 10
H379F 62.8 =19 18.1 =39 292 £ 22
H379K 615 =*19 11.6 = 2.7 189 £5.5
H379L 9.26 = 0.93 1.70 £ 0.066 184 = 11
ArgMCA Wildtype 21.0*51 448+ 049 219 = 33
H379G 11.1*+15 3.11 £0.23 282 £ 20
H379F 215*+1.1 5.74 £ 0.17 267 £5.9
H379K 189 * 24 1.62 * 0.12 84.9 £ 4.5
H379L 9.85 1.2 2.07 £0.17 210 £ 85
Lys-MCA  Wildtype 31.2*1.6 4.83 = 0.19 155 £ 2.0
H379G 155+ 54 4.10 = 1.2 269 * 22
H379F 31.3 £8.0 6.68 * 1.5 215+ 95
H379K 275*1.2 4.31 = 0.14 157 £2.7
H379L 5.82 £0.23 1.82 *+ 0.044 313*+7.0
Phe-MCA  Wild type 432+ 4.5 2.19 £0.18 509 £ 1.1
H379G 26.1 = 2.7 0.862 = 0.062 332=*1.2
H379F 44.7 = 7.4 3.17 £ 0.56 71.0 £ 5.5
H379K 44.2 = 2.4 1.03 = 0.11 231=*15
H379L 18.2 = 4.4 1.74 *+ 0.22 97.7 £ 10

“Values are the mean * S.D. (1 = 3).

worthy that the exopeptidase motif sequence is clearly con-
served in LVRN/APQ orthologues among evolutionarily
related species. We therefore focused in this study on the His*”*
residue within the exopeptidase motif of human LVRN/APQ
and explored its roles in the enzymatic properties of the enzyme
by site-directed mutagenesis.

Aminopeptidase Activities of His*”® Mutant LVRN/APQs—
Kinetic studies of various synthetic substrates of wild-type and
four mutant LVRN/APQs, ie. H379G, H379F, H379K, and
H379L LVRN/APQs, were initially performed (Table 1). In
accordance with our previous study, wild-type LVRN/APQ
showed maximum catalytic efficiency (k_,/K,,) toward Leu-
MCA, followed by Arg-Met-, Lys-, and Phe-MCA. The calcu-
lated K, values of H379G LVRN/APQ to neutral amino acids
(Leu-, Met- and Phe-MCA) decreased to 41— 60% of that of the
wild-type enzyme, and turnover numbers decreased to
30-39%, resulting in a significant decrease in catalytic effi-
ciency. Although the K, values of the mutant to Lys and Arg
also decreased to ~50%, catalytic efficiencies to both substrates
were rather increased because of a moderate decrease in turn-
over numbers.

In the H379F mutant, affinities to all substrates tested were
quite similar to those of the wild-type enzyme; however,
because of a modest increase in the turnover number for each
substrate, catalytic efficiency to all substrates was slightly
increased (109-174%). In the H379K mutant, although a
decrease was observed only in catalytic efficiencies toward Arg-
and Phe-MCAs due to the significant reduction of k_,, values,
most parameters were similar to those of wild-type LVRN/
APQ. In contrast, except for k_,, toward Lys-MCA, a quite sim-
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ilar tendency was observed in K,, and k_,, values of H379L
mutant to the values of H379G LVRN/APQ.

We next compared pH profiles between wild-type and
H379G LVRN/APQs using five synthetic substrates (Fig. 2).
Although the pH profiles were slightly different between each
substrate, the optimal pH values and activity patterns over the
pH range of both enzymes were almost identical, excluding the
possibility that the hydration state of His®*”® affected cleavage of
the substrates. Taken together, these results indicated that the
substitution of His®”® with Gly or Leu caused a significant
change in the substrate specificity of LVRN/APQ, although
substitution with Phe or Lys also partially affected the substrate
specificity.

Susceptibility of Aminopeptidase Inhibitors to His*”® Mutant
LVRN/APQs—Unlike most other members of the M1 family,
the aminopeptidase activity of human LVRN/APQ is inhibited
by bestatin, a competitive aminopeptidase inhibitor, more effi-
ciently than amastatin; therefore, we next compared the sus-
ceptibility of aminopeptidase inhibitors to His*’® LVRN/APQ
mutants (Table 2). Although bestatin inhibited the aminopep-
tidase activities of wild-type and H379F LVRN/APQ rather effi-
ciently, H379G, H379K, and H379L LVRN/APQs were less sus-
ceptible to the inhibitor, suggesting that an aromatic ring of
His®*”® is important for the bestatin sensitivity of wild-type
LVRN/APQ. On the other hand, amastatin inhibited the amino-
peptidase activity of H379G LVRN/APQ (K, = 17.3 = 5.4 um)
more effectively than adipocyte-derived leucine aminopepti-
dase/endoplasmic reticulum aminopeptidase-1 (K; = 41.8 =
10.3 um), to which amastatin is much more effective than besta-
tin (24). These results indicated that His®>”® was responsible for
the unique inhibitor profile of wild-type LVRN/APQ.

Inhibition of the Aminopeptidase Activity of His*”® Mutant
LVRN/APQs by Natural Inhibitory Peptides—In our previous
work, we showed that three peptide hormones, substance P,
angiotensin IV, and bradykinin, known to be detected in the
human placenta, were not degraded by LVRN/APQ and inhib-
ited its aminopeptidase activity (20). We then compared the
inhibitory effects of these human natural peptides on the amino-
peptidase activities of His?>”® mutants. As shown in Fig. 3, sub-
stance P significantly inhibited the LVRN/APQ-mediated hy-
drolysis of Leu-MCA. Although substance P inhibited the
aminopeptidase activity of the H379F mutant comparably with
the wild type, the H379G mutant was much more sensitive to
the hormone. Bradykinin, having the same N-terminal
sequence as substance P (Arg-Pro), also inhibited the H379G
mutant more than the wild-type and H379F enzymes. On the
other hand, angiotensin IV, the N terminus of which is Val,
inhibited all enzymes rather consistently. Because Lineweaver-
Burk plots showed that all peptides inhibited the enzyme com-
petitively, these results suggested that substitution of the His*"®
residue with Gly caused an increase in the affinity to two pep-
tides with Arg at their N termini and thus suggested the
involvement of His*”? in the construction of the catalytic
pocket of the enzyme.

Cleavage of Natural Peptide Hormones by His*”® Mutant
LVRN/APQs—We next compared the hydrolytic activities of
wild-type, H379G, and H379F LVRN/APQs toward natural
peptide hormones (Table 3 and supplemental Fig. S1). Wild-
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verted within this time. Kinetic
study showed that the catalytic effi-

ciency of the H379G mutant for
angiotensin III was higher than those
of wild-type and H379F LVRN/
APQs, largely due to increased
affinity (Table 3). These results
showed that, in accordance with the
hydrolytic efficiency toward syn-
thetic substrates, H379G mutant
degraded substrates with basic
amino acid residues at their N ter-
mini more efficiently than wild-type
enzyme.

We next tested the cleavage of pep-

tides having the Tyr residue with N
termini by H379G LVRN/APQ,
because they were good substrates for
the enzyme (20). Degradation of
kisspeptin-10 to de-[Tyr]kisspep-
tin-10 by the H379G mutant (15%

cleavage) was much slower than
that by wild-type human LVRN/
APQ (45% cleavage), in accordance
with the hydrolysis of Phe-MCA
(supplemental Fig. S1B). It is note-
worthy that the pH profiles to
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angiotensin III and kisspeptin-10
were quite similar between wild-
type and H379G LVRN/APQs, as in
the case of fluorogenic substrates
(supplemental Fig. S2).
Furthermore, although dynorphin
A-(1-8) was efficiently digested by

FIGURE 2. pH profiles of wild-type and H379G LVRN/APQs toward various aminoacyl-MCAs. Enzymatic
activity of recombinant LVRN/APQs (1 wg/ml) was measured in various buffers (pH 4.0-10.0) with 100 um
MCA-substrate at 37 °C for 5 min. O, 25 mm sodium acetate; A\, 25 mm PIPES/NaOH; [], 25 mm Tris/HCl; <, 25 mm
glycine/NaOH. Each point represents the activity mean of triplicate determinations, and error bars indicate S.D.
Similar results were obtained in four separate experiments. Fluorogenic substrates used for the assay are
shown on the /eft side of the figure. The maximum activity toward each substrate was taken as 100%.

TABLE 2
K; values of aminopeptidase inhibitors for wild-type and His
mutant LVRN/APQs

Kinetic parameters were determined from Lineweaver-Burk plots. Reactions took
place at 37 °C for 5 min.

379

LVRN/APQ Bestatin” Amastatin®
M M
Wild type 3.81 = 0.98 97.6 = 10
H379G 122 *+1.2 17.3 £ 5.4
H379F 4.19 £ 0.12 42.6 = 12
H379K 225+ 6.1 92.1 =17
H379L 837+ 1.1 105 + 13

“Values are the mean * S.D. (1 = 3).

type LVRN/APQ cleaved about 30% of angiotensin III within 60
min (supplemental Fig. S1A). On the other hand, H379G
LVRN/APQ converted angiotensin III into angiotensin IV
more efficiently under the same conditions, and 60% was con-
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the wild type (90% cleavage) within 30
min, as expected, only 30% was
digested after incubation with
H379G mutant (supplemental Fig.
S1C). Likewise, in kinetic parame-
ters toward Phe-MCA, although the
affinity of H379G LVRN/APQ for
kisspeptin-10 and dynorphin-A-
(1-8) was rather increased, the catalytic efficiency decreased
due to marked falls in turnover numbers (Table 3). Meanwhile,
K, and k_,, values of the H379F mutant for both peptides were
moderately decreased. Taken together, His*”® of LVRN/APQ
affects the hydrolytic efficiency of the enzyme toward various
substrate peptides.

Endokinin C, a novel peptide hormone highly expressed in
the human placenta, was shown to be a good substrate of
human LVRN/APQ (20); however, endokinin C was unexpect-
edly less susceptible to H379G LVRN/APQ than the wild type,
despite having a Lys residue at the N terminus of the peptide
(supplemental Fig. S3A). The affinities of H379G and H379F
mutants for the hormone were higher than the wild type in
accordance with other peptide substrates; however, the turn-
over numbers of the mutants for endokinin C were lower than
that of the wild type, resulting in decreased catalytic efficiency
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FIGURE 3. Competitive inhibition of the hydrolytic activity of LVRN/APQs by human natural peptides. The hydrolytic activities of wild-type and His

1718l (uM-T)

379

mutant human LVRN/APQs (1 ng/ml) were measured at 37 °C for 5 min with Leu-MCA in the presence of various concentrations of substance P, bradykinin, or
angiotensin IV. O, control; A, 1 um substance P (wild type and H379F), 0.3 um substance P (H379G), 20 um bradykinin (wild type and H379F), 5 um bradykinin
(H379G), 3 umangiotensin IV; [, 5 um substance P (wild type and H379F), 1 um substance P (H379G), 40 um bradykinin (wild type and H379F), 10 um bradykinin
(H379G), 10 um angiotensin IV; and <, 10 um substance P (wild type and H379F), 3 um substance P (H379G), 60 um bradykinin (wild type and H379F), 30 um
bradykinin (H379G), 20 um angiotensin IV. Each point represents the activity mean of three separate experiments, and error bars indicate standard deviation. K;
values of peptide hormones for recombinant LVRN/APQs were determined from Lineweaver-Burk plots and are shown in each graph. Similar results were
obtained in three separate experiments. Peptides used for inhibition are shown on the /eft side of the figure, and amino acid sequences are shown below.

TABLE 3
Kinetic parameters of wild-type and H379G LVRN/APQs toward
peptide substrates

Kinetic parameters were determined from Lineweaver-Burk plots. Reactions took
place at 37 °C for 5 min.

Substrate (sequence) LXII,{ g ! K" Keat” Kmk;‘(“‘l/ 03

M st p.M”-s’I

Angiotensin III Wild type 134 +21 124*011 929*72
(RVYIHPF) H379G 430*11 1.84*0.22 440 * 69
H379F 16.6 =24  1.86 = 0.10 113 =10

Kisspeptin-10 Wild type 32189 362+092 113=52
(YNWNSFGLRF-NH,) H379G  10.8 +=4.1 0.501 =010 48.6=*=8.1
H379F 16.7 =45 228 045 138 = 12

Dynorphin A-(1-8) Wild type  65.6 * 15 223 * 4.6 340 = 7.3
(YGGFLRRI) H379G 596 =12 0.748 =0.049 128 =18
H379F 11329 248 £0.55 219 =11

Endokinin C Wild type 384 +3.1 6.25*0.86 162 £ 9.6
(KKAYQLEHTFQGLL-NH,)  H379G 223 +*77 175*041 803 *94
H379F 196 =13 3.25*0.63 164 = 20

Endokinin C K2A Wild type 180 * 25 10.8 = 3.5 59.5 * 14
(KAAYQLEHTFQGLL-NH,) H379G 244 +68 1.11*031 453 *2.2
H379F 407 =38 258*0.15 63.5*22

“Values are the mean * S.D. (1 = 3).

of the H379G mutant for the hormone (Table 3). Because the
crystal structure of human leukotriene A, hydrolase, a member
of the M1 family, indicated that Gly**®, which corresponded to
His®”? of LVRN/APQ, might interact with the P1’ residue of the
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substrate (25), we also examined the role of the P1’ residue of
endokinin C in its susceptibility to LVRN/APQ by testing the
hydrolysis of endokinin C mutant K2A, whose N-terminal sec-
ond Lys was substituted with Ala. Wild-type LVRN/APQ-me-
diated degradation of endokinin C mutant K2A was apparently
less than that of endokinin C, which was coincident with our
previous observation that a degradation product of the hor-
mone by LVRN/APQ (i.e. de-[Lys]endokinin C, KAYQLEHT-
FQGLL-NH,) was less susceptible to the enzyme than the hor-
mone (supplemental Fig. S3B). Degradation of endokinin C
mutant K2A was also impaired in the H379G mutant to a sim-
ilar level of endokinin C mutant K2A degradation by the wild
type. It should be noted that the decreased catalytic efficiency of
wild-type LVRN/APQ for endokinin C mutant K2A was largely
due to a marked increase in the K, value in comparison with
that for endokinin C (Table 3). These results indicated that
His®”® played a significant role in not only recognition of the P1
residue but also interaction with the P1’ residue of the substrate
or maintenance of the optimal cavity structure of the enzyme.
As we reported (20), human LVRN/APQ digested dynorphin
A-(1-8) much more efficiently than the other three dynorphin-
related peptides sharing the N-terminal five amino acid
sequence, i.e. Met-enkephalin, dynorphin A-(1-13), and
dynorphin A-(1-17). Thus, we next tested the hydrolysis of
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FIGURE 4. Cleavage of dynorphin-related peptide hormones by wild-type
and mutant LVRN/APQs. Twenty five micromolars of Met-enkephalin,
dynorphin A-(1-8), -(1-13), and -(1-17) were incubated with wild-type (2
mg/ml), H379F (2 ug/ml), or H379G (5 ng/ml) LVRN/APQ at 37 °C for 10 min.
After separating the generated peptides by reversed phase HPLC, the
digested substrates were measured. Similar results were obtained in at least
three separate experiments. Met-Enk, Met-enkephalin; Dyn A, dynorphin A.

these peptides by the H379G mutant (Fig. 4). As in the wild-
type enzyme, the H379G mutant did not digest Met-enkephalin
at all, even when 2.5-fold more of the enzyme was employed.
Strikingly, the H379G mutant cleaved dynorphin A-(1-8) less
effectively than the wild-type enzyme even when it cleaved
dynorphin A-(1-13) and dynorphin A-(1-17) comparably with
the wild type. Another mutant enzyme, H379F LVRN/APQ,
cleaved the shorter peptide more efficiently than the longer
peptide, indicating the unique roles of His*”? in the construc-
tion of the global structure of the catalytic cavity of the enzyme.

Characterization of Enzymatic Properties of Gly**” Mutant
Human APA—Finally, to evaluate the role of the first amino
acid in the exopeptidase motif, we introduced a point mutation
in the motif of human APA, the substrate specificity of which is
readily distinguishable from that of LVRN/APQ.

As shown in Table 4, in the absence of CaCl,, the point muta-
tion markedly altered K, values for four substrates tested (K,
values for Glu-, Asp-, and GIn-MCAs decreased with different
levels; however, the values for Ala-MCA increased). As for k_,,,
the mutation led to increased values for all substrates to 170 —
450%. Consequently, k_,/K,, values for all substrates were
higher in G357H APA than the wild type. In particular, catalytic
efficiency of G357H APA for Glu-MCA increased to a similar
level as that of Ca®>"-activated wild-type APA. These results
indicated changes in the substrate specificity of APA by the
point mutation of Gly**”. Even in the presence of 1 mm Ca®",
K, and k_,, values toward each substrate were considerably
different between two enzymes, resulting in the difference in
k..i/K,, values between wild-type and G357H APAs. In addi-
tion, as for wild-type APA, which shows a clear preference for
acidic amino acids in the presence of Ca®>", G357H APA also
showed an acidic amino acid preference in response to the addi-
tion of Ca>*. Furthermore, it should be noted that G357H APA
was more active than the wild type toward all substrates both in
the presence and absence of Ca®*.

We next examined the susceptibility of G357H APA toward
bestatin and amastatin (Table 5). Amastatin is quite a strong
inhibitor of wild-type APA (K = 40 nm). The K; value of G357H
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TABLE 4

Kinetic parameters of wild-type and Gly
toward various aminoacyl-MCA
Wild-type or G357H APAs (50 ng/ml) were incubated with aminoacyl-MCAs at
37 °C for 5 min with or without 1 mm CaCl,. Kinetic parameters were determined
from Lineweaver-Burk plots.

357 mutant human APAs

Substrate ~APA  CaCl, K,° Kol k. JK, X 10%
1 mm M s1 L™t
Glu-MCA  Wild type - 808 =68 6.89 £0.38 853+ 0.28
G357H - 148 £7.6 11.6*0.75 78.0=*6.0
Asp-MCA  Wild type - 3040 =290 5.61 =0.33 1.85 % 0.080
G357H - 933290 949 *1.1 10.2 £ 0.28
GIn-MCA  Wild type - 85267 4.25*023 498*0.21
G357H - 338 18 11.0£039 327 *+0.72
Ala-MCA  Wild type - 234 *+31 1.64*018 7.00* 0.39
G357H - 461 =27 737*+0.30 16.0=*12
Glu-MCA  Wild type + 201 =23 187 *029 903 *1.3
G357H + 905 +6.6 342 *27 378 =22
Asp-MCA  Wild type + 127569 108 £0.72 8.45 * 0.63
G357H + 29222 165*056 56.5*57
GIn-MCA  Wild type + 1288 £69 4.00 =£0.22 3.10 = 0.058
G357H + 457 =55 517 *0.35 11.3 £0.65
Ala-MCA  Wild type + 930 =150 1.54 =020 1.65* 0.070
G357H + 1159 =120 3.01 =0.26 2.60 = 0.042

=4,

N

“Values are the mean * S.D.

TABLE 5

K; values of aminopeptidase inhibitors for wild-type and Gly
mutant human APAs

Wild-type or G357H APAs (250 ng/ml) were incubated with Glu-MCA at 37 °C for
5 min with or without 1 mm CaCl,. K; values were calculated from Lineweaver-Burk
plots.

357

APA CaCl, Bestatin” Amastatin”
1 mm M M
Wild type - 314 *+73 0.0399 =+ 0.00096
G357H - 275 £ 50 0.504 = 0.080
Wild type + 375 + 58 0.303 = 0.039
G357H + No inhibition (up to 1 mm) 119+1.2

“Values are the mean * S.D. (1 = 3).

mutant increased to a similar level to the value of the wild type
under 1 mm Ca®". The K; value of bestatin, a weaker inhibitor of
APA, also increased with the point mutation. In the presence of
Ca%™, K, to amastatin of G357H mutant further increased, and
bestatin became invalid up to 1 mm. These results suggested
that replacement of Gly**” with His modified substrate speci-
ficity, Ca®" response, and inhibitor susceptibility of human
APA.

Taken together, our data strongly suggest that the first amino
acid of the exopeptidase motif ((G/H)AMEN) might be
involved as a determinant of the enzymatic properties of the M1
family of aminopeptidases.

DISCUSSION

In this study, we assessed how distinctive enzymatic proper-
ties of human LVRN/APQ were obtained. We first explored the
significance of His*”? of human LVRN/APQ in its enzymatic
properties by performing a kinetic study of fluorogenic sub-
strates using His>”® mutant LVRN/APQs. When using Leu-,
Met-, and Phe-MCAs as substrates, the H379G mutation
caused significant reductions of K, values (41-60% of wild-
type) and k_,, (30—-39% of wild-type) values, resulting in a sig-
nificant decrease in catalytic efficiency (k_,,/K,,,). In accordance

cat

with the kinetic parameters toward synthetic substrates,
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marked reductions in the release of Tyr residues from the N
termini of dynorphin A-(1-8) and kisspeptin-10 were observed
in H379G LVRN/APQ. Furthermore, the inhibitory activity of
bestatin, an imitation di-peptide composed of a phenylalanine
analogue and a leucine, was strikingly impaired by the substitu-
tion of His®>”® with Gly. These observations indicate that His>”*
is favorable for the binding and release of hydrophobic amino
acids at N termini more than Gly, suggesting specific roles of
human LVRN/APQ in the metabolism of peptides with an
N-terminal hydrophobic amino acid.

By contrast, for basic synthetic substrates, no apparent
reduction was observed in the turnover number of H379G
mutant, despite marked falls in K, values for Arg- and Lys-
MCA (53 and 50% reduction), resulting in increased catalytic
efficiency (to 129 and 174%, respectively). In addition, the
release of Arg residue from the N terminus of angiotensin III by
the mutant was significantly faster than the wild type. More-
over, substance P and bradykinin inhibited the H379G mutant
more effectively than wild-type LVRN/APQ, strongly suggest-
ing that the H379G mutant prefers N-terminal basic amino
acids to the wild-type enzyme.

Unlike the H379G mutant, all kinetic parameters for syn-
thetic substrates and the inhibitor sensitivity of the H379F
mutant were comparable with those of wild-type LVRN/APQ.
Furthermore, in the H379L mutant, K, and k_,, values for all
synthetic substrates tested decreased and bestatin susceptibil-
ity was changed, as in the case of the H379G mutant. These
results revealed the potential importance of an aromatic ring of
the side chain of His*”® for the unique enzymatic properties of
human LVRN/APQ. In contrast, it seems unlikely that the
hydrogen-bonding potential of the imidazole ring of His*”®
involves enzyme action such as substrate recognition, because
pH profiles of H379G LVRN/APQs were almost identical to
those of the wild-type enzyme (Fig. 2 and supplemental Fig. S2).
In addition, H379K LVRN/APQ, to which an acyl chain with
positive charge was introduced, also showed similar kinetic val-
ues to certain substrates when compared with the wild-type
enzyme, whereas H379G and H379L mutants showed appar-
ently different values. These results suggest that His at position
379 is required for optimum activity of human LVRN/APQ.
The bulkiness of the side chain of the first residue of the exo-
peptidase motif might be an important factor for the hydrolytic
action of LVRN/APQ.

Several studies on the catalytic mechanism of M1 aminopep-
tidases have demonstrated the roles of the conserved amino
acid residue in the exopeptidase motif. It was shown that Glu®*?
and Asn®*? in the motif play roles in the exopeptidase specificity
of murine APA through interaction with the N-terminal amino
acid of the substrate (16, 26). The significance of the Gly residue
at position 1 of the exopeptidase motif was also elucidated in
placental leucine aminopeptidase (P-LAP). Mutant P-LAP with
Gly*?® substituted with Ala retains comparable activity toward
the synthetic substrate with the wild-type enzyme (27). Like-
wise, P-LAP mutants substituted with bulky amino acids, i.e.
G428E, G428D, and G428K P-LAPs, also retained activity
toward the synthetic substrates (28); however, all three mutants
with a bulky amino acid residue were unable to degrade Leu-
enkephalin, and the Arg-vasopressin-degrading activity of two
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mutants (G428E and G428D) was impaired. In addition, these
mutations attenuated the susceptibility to peptide inhibitors,
such as angiotensin IV and Leu-Val-Val-hemorphin-7. These
results suggested that the Gly residue in the exopeptidase motif
plays an important role in exerting the maximum activity of
P-LAP.In contrast, as shown in this study, the Gly residue in the
exopeptidase motif of human LVRN/APQ might be inadequate
to achieve optimal enzymatic activity toward several synthetic
and natural substrates.

The crystal structures of T. acidophilum tricorn interacting
factor F3, human leukotriene A, hydrolase, and E. coli APN
were recently resolved (23, 25, 29, 30). The five amino acids
comprising the exopeptidase motif form a short 3-strand (B,
of T. acidophilum tricorn interacting factor F3) located in the
catalytic pocket of the enzyme. In human leukotriene A, hydro-
lase, it was also shown that Glu®”" at position 4 within the motif
formed a hydrogen bond with the N-terminal group on the
substrate or an aminopeptidase inhibitor bestatin. In addition,
the possibility that the main-chain amide of position 1 Gly
(Gly**®) within the motif directly formed a hydrogen bond with
the backbone carbonyl group of bestatin or the P1’ residue of
substrate peptide was also revealed (25). Moreover, in E. coli
APN, a theoretical model was proposed that Met**° at position
—1 from the exopeptidase motif might be involved in substrate
recognition (30), i.e. a conformational change of Met**° causes
volumetric change of the S1 pocket to make it possible to accept
substrates of different N-terminal residue sizes. This cushion
residue model well elucidates the broad substrate preference of
the M1 aminopeptidases. Recently, it was also reported that
Thr**® at position —1 from the exopeptidase motif of mouse
APA plays an essential role in its substrate specificity through
involvement of the configuration of the substrate and catalytic
water molecules for optimal catalysis (31).

Taken together, it was suggested that if the Gly residue
within the exopeptidase motif was replaced with another amino
acid, especially with a bulky amino acid, it might cause some
conformational changes of the side chain of the proximal resi-
due and thus affect the enzymatic properties of M1
aminopeptidase.

To evaluate this hypothesis, we simulated a molecular model
of the catalytic pocket, which is well conserved among the M1
family, of wild-type and H379G human LVRN/APQs based on
the crystal structure of T. acidophilum tricorn interacting fac-
tor F3, because of the highest similarity (>30%) around the
region among the above three enzymes (Fig. 5). This model
suggested a significant conformational difference in the S1 site
surrounding the B, strand composed of the exopeptidase
motif between the enzymes (a subdomain corresponding to
B1s—Bso of T. acidophilum tricorn interacting factor F3) (Fig. 5,
A and B). It is also conceivable that the mutation alters the
side-chain conformation of other exopeptidase motif residues
(Fig. 5, C and D). It should be noted that the position of the side
chain of Asn3”® at position —1 from the exopeptidase motif of
LVRN/APQ is different between wild-type and H379G LVRN/
APQs. Therefore, it is tempting to speculate that the substitu-
tion of Gly in the exopeptidase motif with His (and vice versa)
might affect the substrate specificity of LVRN/APQ by chang-
ing the structure of the S1 pocket. This possibility can be sup-
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the mode of its characteristic cata-
lytic action and the difference
among other M1 aminopeptidases.
Tissue distribution of the M1
aminopeptidase family is usually
ubiquitous; however, the expression
of LVRN/APQ is shown to be
restricted. Therefore, we reported
that the transcript of human LVRN/
APQ gene can be detected only in
the placenta (18). In agreement with

) e
og )

381 Asn383

f

J
y A'aszo,/*’ Y o \. V.
\ e ‘ - \
¥ Glu382 b

Glu43s '

~
( .@2"' Glu#e
Rl ) ~
Y 4
° & .

Glu43e

Tyrsos &

Tyrsos
«w

‘ ] His#15

N > L

Histﬁ!i\"}
b H\Eﬂg\a ¢

the result of the Northern blot anal-
ysis, by using the immunohisto-
chemical technique, it was revealed
that LVRN/APQ was specifically

” Q‘ expressed in the human placenta,
Alased] Met "\Asnm only on the cell surface of extravil-
t\\’, ° lous trophoblasts in chorion laeve

|u382

(18), but not in other M1 aminopep-
tidase-expressing tissues, such as
kidney, liver, ovary, spleen, and
uterine tube.” Furthermore, when

@

Glu41e

FIGURE 5. Molecular modeling of catalytic cavity of LVRN/APQ. Three-dimensional structural models of
catalytic cavities of wild-type (A) and H379G (B) LVRN/APQs are shown. Models were generated as a template
of the T. acidophilum tricorn interacting factor F3 x-ray structure. Asn*”2 and His*”° around the exopeptidase
motif, His*'®, Glu®'¢, His*'®, and Glu*3® in the HEXXH(X),4E motif (15), GIn?38 (24), Glu®®? (16, 17), and Tyr*° (55)
are shown as residues in the catalytic cavity of LVRN/APQ. The B-strands, which correspond to 8,5—85 of T.
acidophilum tricorn interacting factor F3, are numbered. Side-chain conformation is around the exopeptidase
motif. C and D, side-chain conformations around the exopeptidase motif of wild-type LVRN/APQ and H379G

LVRN/APQ are shown, respectively.

ported by changes in the substrate specificity and Ca>"
response of APA by Gly®*” mutation into His, because Ca*>" is a
key factor to determine the substrate specificity of APA and
binds to the S1 site of the enzyme (11, 22, 32).

Furthermore, we revealed the significance of the amino acid
residue at position 379 of human LVRN/APQ for recognition of
the P1’ residue of endokinin C (supplemental Fig. S3 and Table
3) and the chain length of dynorphin-related peptides by the
enzyme (Fig. 4). We also found that a point mutation replacing
Gly®*” of human APA with His altered not only the affinity to
substrate (K,,) but also the turnover numbers (k_,,) (Table 4).
The molecular model suggests that the substitution of His®>”® of
LVRN/APQ with Gly may also cause significant changes in
side-chain conformation of other exopeptidase motif residues
(Fig. 5, C and D). It is suggested from the E. coli APN three-
dimensional structure that Ala®*° and Glu®®? of LVRN/APQ
(corresponding to Ala®*? and Glu®** of E. coli APN) interact
with the carbonyl oxygen of the scissile peptide bond and a-
amino group of the substrate N terminus, respectively (30). In
addition, introduction of a point mutation into Thr®*® of APA
made changes in turnover numbers (31). The substitution of
His®*”® may also affect amino-docking efficiency and/or the
catalysis of LVRN/APQ.

Taken together, these results suggested that His®”” may be
involved in the formation of the optimal global structure of the
catalytic cavity for the unique enzymatic action of LVRN/APQ.
X-ray structural analysis of LVRN/APQ is required to elucidate

379
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searched for human sequences sim-
ilar to human LVRN/APQ cDNA
(accession number NM_173800) in
the expressed sequence tag data
base, no more than 65 sequences
were retrieved (E-value < e-100).
Among 53 sequences, each source
tissue of which is clear, 39
sequences (73.5%) were derived
from the placenta. These findings indicated that LVRN/APQ
might not be abundant in our body, and placenta is one of the
major tissues expressing LVRN/APQ. Moreover, it is notable
that LVRN/APQ is highly expressed in the placenta of pre-
eclampsia patients and the synovial tissues of rheumatoid
arthritis patients (33, 34). In the placenta, several M1 amino-
peptidases are known to be widely distributed. P-LAP, APA,
and adipocyte-derived leucine aminopeptidase/endoplasmic
reticulum aminopeptidase-1 are expressed in not only invasive
extravillous trophoblasts but also proliferative extravillous tro-
phoblasts and villous trophoblasts (35-37). In contrast, human
APN is specifically expressed on the maternal endometrial stro-
mal cells, i.e. decidual cells that receive trophoblast invasion
(38). On the other hand, human LVRN/APQ is specifically
expressed on the cell surface of invasive extravillous tropho-
blasts in maternal decidua (18). This expression profile of M1
aminopeptidases in the human placenta was confirmed again
by immunohistochemistry (supplemental Fig. S4).

It is well known that the M1 aminopeptidases play important
roles in the metabolism of vasoactive peptide hormones, such
as angiotensins and kallidin in the placenta (39). In brief, APA
degrades angiotensin II to angiotensin III, and then APN,
P-LAP, and LVRN/APQ can generate angiotensin IV from
angiotensin III and bradykinin from kallidin. Thus, these amino-

> H. Fujiwara, unpublished data.
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peptidases are functionally linked and disorders of their activi-
ties might be associated with pre-eclampsia, a hypertension
peculiar to pregnancy. Judging from subcellular localization,
the enzymatic property (substrate specificity and inhibitor pro-
file), and sequence similarity, APN and P-LAP could share sub-
strates, e.g. angiotensin III, and pathophysiological functions
with LVRN/APQ in the placenta. For example, kisspeptins,
Kiss-1 gene products, are expressed in syncytiotrophoblasts in
the placenta and their cognate receptor, GPR54, is expressed in
not only syncytiotrophoblasts but also extravillous and villous
trophoblasts (40, 41). Because kisspeptin-10 suppresses tro-
phoblast invasion and LVRN/APQ inactivates kisspeptin-10, it
is tempting to speculate that human LVRN/APQ and APN are
involved in trophoblast functions, such as invasion into the
uterine arteries and subsequent vascular remodeling through
adjacent invalidation of the hormone. In particular, as it was
recently reported that the gene expression of LVRN/APQ, but
not other M1 aminopeptidases, was remarkably enhanced in
the placenta of patients with severe pre-eclampsia, it is strongly
suggested that pathophysiological functions of LVRN/APQ are
associated with trophoblast functions in pregnancy (34).

Bestatin is an aminopeptidase inhibitor with multiple phar-
macological activities, such as inhibition of the proliferation of
tumor cells, including trophoblastoma (42) and interleukin-8-
induced apoptosis of leukemic cells (43), modulation of inflam-
matory cytokine production from activated monocytes and
macrophages (44), and enhancement of hormone secretion
from granulosa cells (45). Effective dosages of bestatin in the
first two studies were around 3 pum (1 pg/ml). Because the K;
value of the wild type and H379G LVRN/APQ are 3.81 and 12.2
uM, respectively, wild-type LVRN/APQ but not H379G
mutant, e.g. murine LVRN/APQ), could be involved in various
pharmacological activities of bestatin.

In this study, we focused on His*”® of human LVRN/APQ,
comprising the exopeptidase motif, and addressed its roles in
the catalytic mechanism of the enzyme. We revealed that this
characteristic His*”® might contribute to maintain the appro-
priate structure of catalytic cavity, which in turn gives human
LVRN/APQ distinct enzymatic properties from other M1
aminopeptidases and orthologues. It is speculated that the gene
evolution of LVRN/APQ through the replacement of Gly with
His may be associated with the evolutionarily different function
of the placenta between primates and rodents.
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