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ABSTRACT An aminopeptidase B (Ap-B) was previously
purified to homogeneity from rat testis extracts and character-
ized. In the present work, by using oligonucleotides selected on
the basis of partial amino acid microsequences of pure Ap-B and
PCR techniques, the nucleotide sequence of a 2.2-kb cDNA was
obtained. The deduced amino acid sequence corresponds to a
648-residue protein (72.3 kDa) containing the canonical
‘‘HEXXHX18E’’ signature, which allowed its classification as a
member of the M1 family of metallopeptidases. It exhibits 33%
identity and 48% similarity with leukotriene-A4 hydrolase, a
relation further supported by the capacity of Ap-B to hydrolyze
leukotriene A4. Both enzymes also were closely related to a
partially sequenced protein fromDictyostelium discoideum, which
might constitute the putative common ancestor of either amino-
peptidase or epoxide hydrolase, or both. Ap-Band itsmRNAwere
detected in the germ line and in the Sertoli and peritubular cells
of the seminiferous tubules. Because the enzyme was found in the
medium conditioned by spermatocytes and spermatids and in
the acrosome during spermatozoa formation, together these
observations suggested an involvement of this exometal-
lopeptidase in the secretory pathway. It is concluded that this
ubiquitous enzymemay be involved inmultiple processingmech-
anisms.

Proteolytic activation of peptide precursors occurs, in most cases,
at Arg and Lys residues and involves the sequential action of an
endoprotease, cleaving on the C terminus of basic residues and
subsequently of a carboxypeptidase of the B-type (1–3). This
scheme was supported by the characterization of a number of
subtilisin-like serine proteases, related to Kex2 (4, 5) and by the
isolation of carboxypeptidase E (or H) (3, 6, 7). However,
complete removal of the basic residues of a doublet in a precursor
can, in principle, proceed alternatively by three different path-
ways, of which two may involve an aminopeptidase-B (Ap-B) (1).
Several reports showed the existence of endoproteases with a
cleavage specificity for the N terminus of basic residues present
in the doublet (8–12) and of poorly characterized Ap-B-like
activities (9, 13–15). An Ap-B (EC 3.4.11.6) activity initially was
identified in several rat tissues (13) and was defined as an
exopeptidase able to remove basic residues from the N terminus
of L-amino acid-b-naphthylamide, dipeptides, and kallidin 10 (13,
14). More recent work has provided information about the
biochemical and structural properties of the enzyme (16, 17).
Purification and characterization of an Ap-B from rat testis (18)
demonstrated the strict specificity of Ap-B for Arg andyor Lys
residues at the N terminus of various peptides and allowed its

definition as a putative Zn21-exopeptidase. A 72-kDa immuno-
logically related form of Ap-B detected in brain cortex and in
other rat tissues indicated an ubiquitous distribution of the
enzyme (18, 19).
The testis contains precursors for a number of peptide

hormones, and Ap-B is abundant at late stages of spermato-
genesis (18). It was used as a source for pure Ap-B and to
determine its cDNA nucleotide sequence. The deduced pri-
mary structure demonstrates that the enzyme is a member of
the M1 family of Zn21-dependent peptidases (20) and that it
is closely related to leukotriene-A4 (LTA4) hydrolase. Ap-B is
detected in most seminiferous tubule cell types, in the acro-
some of spermatids, and in the germinal cell conditioned
medium. It is hypothesized that Ap-B may be involved in
processing mechanisms during spermatid differentiation and
participate in inflammatory processes.

MATERIALS AND METHODS
RNA Extraction. Total RNAs extracted from rat testes, total

germinal cells, isolated testis cells, and residual bodies were
prepared using TRIzol reagent (GIBCOyBRL). Poly(A)1
mRNAs were purified from total testes RNA using the Oli-
gotex mRNA kit (Quiagen, Hilden, Germany).
cDNA Cloning of Ap-B. Ap-B was purified from rat testes

(18), and the amino acid sequence of endolysine C-digested
peptides was determined. Two amino acid microsequences
(P1: NDHQEEFWK; P2: TYQLVYFLDK) were used to
design the following degenerate oligonucleotides: A1a, 59-
GATCATyCCAAyGGAAyGGAAyGTTTyCTGG-39; A1b,
59-GACCATyCCAAyGGAAyGGA AyGTTTyCTGG-39;
A3a, 59-CCAAAATyCTCTyCTCTyCTGAyGTGATC-39;
A3b, 59-CCAAAATyC TCTyCTCTyCTGAyGTGGTC-39;
A2a, 59-ACITATyCCAAyGCyGTIGTITA TyCTTTy
CCTIGA-39; A2b, 59-ACITATyCCAAyGCyGTIGTITATy
CTTTyCTTIGA-39; A4a, 59-TCIAGAyGAAAyGTAIACIA
GyATyGTGAyGTAIGT-39; A4b, 59-TCIAAAyGAAAy
GTAIACIAGyATyGTGAyGTAIGT-39 (Eurogentec, Brus-
sels). Reverse transcriptions of poly(A)1mRNA (0.2 mg) were
performed with the SuperScript RNaseH2 RT (GIBCOy
BRL) using 400 pmol of the appropriate antisense primers.
PCR experiments were carried out using different combina-
tions of the above primers and Taq DNA polymerase
(GIBCOyBRL). The 39-end of the Ap-B cDNA was obtained
using the 39-rapid amplification of cDNA ends (RACE) system
(GIBCOyBRL). The 59-end of the Ap-B cDNA was obtained
by successive 59-RACE experiments (59-RACE system,
GIBCOyBRL) and the 5’ (single-strand ligation of cDNA)
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procedure (21). All the amplified fragments were cloned into
the PCRII vector (Invitrogen) and sequenced by the
dideoxynucleotide chain termination method using modified
phage T7 DNA polymerase (Sequenase 2.0, United States
Biochemical). PCR products were sequenced on both strands,
and each base was sequenced at least five times.
Computer Analysis. Sequence data were analyzed (BI-

SANCE; ref. 22). Nucleotide sequences were translated in the
six reading frames, and the deduced amino acid sequences
were compared with protein sequences contained in the
Genpro database (Release 96). BLAST and FASTA programs
were used for homology searches with the default parameters
(22). The predicted secondary structures of Ap-B and LTA4
hydrolase proteins were determined with the Garnier and
Robson algorithm (22).
LTA4 Hydrolase Activity Assays. LTA4 hydrolase assays were

performed using 300 ng of pure Ap-B and the Leukotriene B4
enzyme immunoassay kit (Cayman Chemicals, Ann Arbor, MI).
A pure preparation of rat testis LTA4 hydrolase (300 ng), isolated
as described for Ap-B in (18), was used as control.
Cell Isolation and Conditioned Media Preparation.

Pachytene spermatocytes, early spermatids, and residual bod-
ies were prepared from adult Sprague–Dawley rat testes by
centrifugal elutriation with a purity greater than 90% (23).
Pachytene spermatocytes and early spermatids then were
incubated at 328C for 2, 4, 8, or 16 h, and 20 h for total germinal
cells. At this time, 95% of cells were viable as shown by an
erythrosine red dye exclusion test. Germinal cells-conditioned
media were concentrated as described (24). Sertoli and peri-
tubular cells were isolated from 20-day-old Sprague–Dawley
rats, then cells and culture media were prepared as in ref. 24.
Northern Blot Analysis. Total mRNAs were electrophoresed

on 1% agaroseyformaldehyde gel. Then, RNAs were transferred
to Nytran (0.45 mm; Schleicher & Schuell, Dassel, Germany) and
hybridized as in ref. 24. A 608-bp testis Ap-B cDNA (nucleotides
324–990) was cloned intoEcoRI-digested PCRII vector (Invitro-
gen) and propagated inDH5aEscherichia coli strain. Plasmidwas
transcribed in vitro by using T7 RNA polymerase (Stratagene)
and [a-32P]UTP (800 Ciymmol; ICN). The blots were washed
three times in 0.13 standard saline citrate (13 SSC 5 0.15 M
sodium chloridey0.15 sodium citrate, pH 7)y0.1% SDSy1 mM
EDTA at 708C for 2 h.
Immunoblot Analysis. Tissues, residual bodies, and cells

were prepared as in ref. 18. Samples of 3 mg of protein were
run under denaturing conditions on 8% polyacrylamide elec-
trophoresis gels. Electrotransfer of proteins to nitrocellulose
membrane (0.45 mm; Schleicher and Schuell) was performed
with a semidry blotting apparatus (Hoefer). Ap-B was detected
using a rabbit polyclonal anti-Ap-B serum at 1:2000 dilution
(18). The visualization of the antigen-antibody complex was
carried out using alkaline phosphatase-coupled antibody and
NBTyBCIP mixture (GIBCOyBRL).
Electron Microscopy. Rat testis was fixed in situ at 48C during

1 h in 0.1 M Sörensen phosphate buffer, pH 7.3, containing 4%
paraformaldehyde (Merck). Tissues and ultrathin sections were
prepared as in ref. 25. Grids bearing Lowicryl sections of rat testis
were incubated for 30 min at room temperature on a 10-ml drop
of a rabbit polyclonal anti-Ap-B serum (1:20 in PBS). After 15
min in PBS, the grids were floated for 30 min on a 10-ml drop of
1:25 dilution of goat anti-rabbit IgG-conjugated to gold particles
of 10 nm in diameter (Biocell Laboratories). After a final PBS
wash, grids were rinsed, air dried, and stained for 10 min with 5%
aqueous uranyl acetate (25). For controls, a 1:10 dilution of
preimmune serum was used.

RESULTS
After synthesis of rat testes cDNA using antisense degenerate
primers (A3a, A3b, A4a, A4b; see Materials and Methods),
PCR resulted in the amplification of a 173-bp (A2ayA3b)
Ap-B cDNA fragment. Specific internal oligonucleotides then

were used in successive 59 and 39 RACE experiments. In
addition, several PCR were carried out to check the arrange-
ment of the PCR products and the nucleotide sequence.
The Ap-B cDNA sequence is 2208 bp in length (55, 3%

G1C). Although primer extension experiments showed the
existence of a 40-nt-long additional sequence in the 59 Ap-B
cDNA, this region could not be obtained using two different
methods of 59-RACE. The high (G1C) content of this region
(nucleotides 1–240: 71.2% G1C) could explain this problem
and those encountered during the cloning of the 59-Ap-B
cDNA fragments. The whole Ap-B cDNA sequence should be
about 2,250 bp long, which is similar to the estimated size of
the Ap-B mRNA (2.2 kb; vide infra). The sequence consists of
a short 11-base 59 untranslated region (UTR), an ORF en-
coding a 648-amino acid protein, a 236-bp-long 39 UTR, and
a 17-bp-long poly(A)1 tail. No consensus regulation signals
were found in the 39 UTR. Two putative polyadenylylation
signals are located in positions 2146 and 2172. The first ATG
(nucleotide 12) in the sequence is assumed to be the initiation
codon of the protein. The nucleotides flanking the putative
AUG initiator codon are in agreement with Kozak’s rule (26).
TheORF starting from this methionine and ending at the TAG
terminator codon (nucleotide 1956) encodes a 72.3-kDa pro-
tein in agreement with the estimated mass on SDSyPAGE.
The ORF translation product (nucleotides 12–1955) is in
keeping with the rat or mouse codon usage, except for the first
18-amino-acid-long region. Sequencing of several independent
Ap-B cDNA confirmed the nucleotide sequence of this frag-
ment. The deduced amino acid sequence consists of 648
residues and contains the three other oligopeptide sequences
of pure enzyme endolysine C fragments (P3: ISNAQNAEL-
RLRWG QIIL, P4: GYCFVSYLAHLVGDQ, P5: CTYSAL-
VEVPDGFTA). Two main features emerged from examina-
tion of Ap-B sequence. First, two mildly hydrophobic domains
at the N terminus might constitute a putative signal peptide
(Fig. 1). However, VonHeijne’s predictions (27) indicated that
these domains probably are not very efficient for the translo-
cation of the enzyme into the endoplasmic reticulum. The
second feature is a typical consensus zinc binding motif
HEXXHX18E in position 323 (Fig. 1). This confirms the
reported metallopeptidase character of the enzyme and allows
its classification under the M1 family of metalloexopeptidases
(20). Neither consensus N-glycosylation sites nor consensus
targeting signals were found in the sequence. On the other
hand, several putative phosphorylation sites are present in
Ap-B primary structure.
A database search identified LTA4 hydrolase, another mem-

ber of the M1 family, as the most closely related protein to
Ap-B. Indeed, the putative Ap-B translation product exhibits
33% and 48%, respectively, amino acid identity and similarity
with LTA4 hydrolase. This extends to the entire primary
structures with some divergence in the N and C termini. Both
sequences exhibit the putative canonical zinc binding site and
two important conserved tyrosine residues (LTA4 hydrolase:
Y379 and Y384; Ap-B: Y407 and Y412; Fig. 1). Interestingly, this
databank search also revealed that a partial amino acid
sequence of Dictyostelium discoideum (313 amino acids; ac-
cession number: V27538, Jho andKopachik, 1995, unpublished
data), presumed to be a LTA4 hydrolase, showed important
homology with rAp-B (31, 5% identity; 46, 9% similarity) and
rLTA4 hydrolase (32, 7% identity, 51% similarity). This struc-
tural similarity overlapped the entire C terminal domains of
the three enzymes (Fig. 1). However, it should be noted, on the
one hand, that the putative zinc binding site of D. discoideum
protein lacked one of the residues (HEXHX18E; Fig. 1). On
the other hand, one of the two tyrosine residues, Y379 of
LTA4 hydrolase (Y407 of Ap-B), known to be involved in the
covalent binding of LTA4, is replaced by a phenylalanine
(ref. 28; Fig. 1).
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FIG. 1. (A) Nucleotide sequence of the Ap-B cDNA. The 59 and 39 untranslated regions are in lowercase letters. The stop codon (TAG) is
boldface, and putative polyadenylylation signals are underlined. The oligonucleotides used are underlined and numbered. Their orientation is
indicated by arrows. The inverse and complementary primers are separated by a slash. Overlapping regions between oligonucleotides are double
underlined. The Ap-B proteolytic peptides identified by microsequencing are underlined (P1 to P5). The potential Zn21 binding motif
(HEXXHX18E) is boldface. Two putative signal sequences are double underlined. Two tyrosine residues (Y407 and Y412) potentially involved in
the catalytic mechanism are boldface. (B) Schematic representation of primary structures and alignment of partial amino acid sequences of rat
Ap-B, rat LTA4 hydrolase, and the C-terminal domain of Dictyostelium discoideum putative LTA4 hydrolase. The putative signal sequence (black
box), the potential Zn21 binding motif (HEXXHX18E) and the two tyrosine residues (LTA4 hydrolase: Y379 and Y384; Ap-B: Y407 and Y412)
potentially involved in the catalytic mechanism are indicated. A conserved region of the three enzyme sequences is boxed. Identical residues (*)
and similar residues (2; according to the rule T:A:S, I:L:V:M, K:R:H, D:E:Q:N, F:Y, G, P, W, C) are indicated.
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Moreover, secondary structure predictions (Garnier and
Robson algorithm, ref. 22) underlined a strong homology
supporting the evolutionary affinities of Ap-B and LTA4
hydrolase (Fig. 2). This clearly indicated LTA4 hydrolase as a
potential homolog of Ap-B. Functional homology was sup-
ported by tests of LTA4 hydrolase activity with pure Ap-B
shown to be free of any contaminating LTA4 hydrolase by
Western blot analysis, using a pure testis LTA4 hydrolase
enzyme as control. These preliminary assays demonstrated
that Ap-B transformed LTA4 into proinflammatory LTB4.
However, this second activity exhibited by Ap-B appeared to
be 10-fold lower than the corresponding activity of LTA4
hydrolase (not shown).
A single 2.2-kb Ap-B transcript was detected by Northern blot,

in rat testis and in isolated testis components (Fig. 3). Pachytene
spermatocytes and particularly round spermatids appeared to be
the main Ap-B mRNA expressing cells. A weak signal was
observed in residual bodies and a very faint one in the Sertoli and
peritubular somatic cells, corroborated by Western blot of the
same samples (Fig. 4). In contrast to its mRNA, the protein was
very abundant in residual bodies as observed by immunofluores-
cence (18). This cytoplasmic structure is shed by elongated
spermatids just before leaving the seminiferous tubules. The
difference between the amounts of mRNA and protein suggested
a concentration effect of Ap-B in this particular structure sub-
sequently eliminated by the Sertoli cells. Ap-B also was expressed
in the epididymis and in the spermatozoa from the head of this
organ, but no signal was detected in those from the tail of
epididymis or from the deferent duct.
Because Ap-B might be secreted, the enzyme in the culture

or incubation media of germinal and somatic cells was evalu-
ated (Fig. 4). Only traces of Ap-B were detectable in Sertoli
and peritubular cell culture media, in agreement with the low
level of expression of the enzyme in these somatic cells. In
spermatocytes and in spermatids conditioned media, the im-
munoreactive protein increased with time, and spermatids

released Ap-B in much higher quantity than spermatocytes.
This extracellular Ap-B could not result from a cell lysis
process, because 95% of them were viable after 20 h. Molec-
ular mass of the secreted enzyme appeared unchanged, sug-
gesting the absence of either major posttranslational events or
degradation. Lower amounts of Ap-B in germinal cells-
conditioned medium versus spermatocytes and spermatids
media suggested a lower rate of secretion of the enzyme in the
other germinal cell types such as spermatogonia and pre-
pachytene spermatocytes. Together, these data argued in favor
of the passage of Ap-B via the germinal cell secretory route.
Electron microscopy examination of Ap-B subcellular lo-

calization in germinal cells showed that it was present in the
trans-Golgi network around the apical pole of the nucleus of
round spermatids (data not shown) and concentrated in the

FIG. 2. Schematic representation of secondary structure predictions for rat Ap-B and LTA4 hydrolase. Predictions for a-helix (H), b-sheet (E),
reverse turns (T), and coil (C) structures are shown. Calculations were made using the Garnier and Robson algorithm.

FIG. 3. Northern blot analysis of Ap-B mRNA in rat testes,
isolated testis cells, and residual bodies. Each lane contains 10 mg of
total mRNA. M, molecular size markers expressed in kilobases; T,
testes; TGC, total germinal cells; SPC, spermatocytes (pachytene
stage); SPT, round spermatids; RB, residual bodies; Ser, Sertoli cells;
Per, peritubular cells.
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proacrosomic granule of these cells (Fig. 5A). At a later step
of spermatid differentiation, it was observed in the acrosome
of the elongated spermatids, but to a lower extent (Fig. 5B). No
signal was detected using the preimmune serum (Fig. 5 C and
D). Because the acrosome is generated from saccules of the
Golgi apparatus, this confirmed the presence of Ap-B in the
secretory apparatus of spermatids during their transformation
into spermatozoa.

DISCUSSION
Trimming of extra amino acids at both the N and C termini of
peptides are crucial activation reactions in proteolytic process-

ing. Therefore, identification of exopeptidases with either
carboxyl- or amino-peptidase activity is essential for under-
standing the mechanisms leading to functional peptides and
for the modulation of their properties. Moreover, in the case
of the endoproteolytic processing of basic amino acid doublets,
exopeptidases of the B-type are needed (2, 3, 7). In contrast to
Cp-E (6, 7), Ap-B is relatively poorly understood. The present
and previous reports (13, 18, 19) unequivocally demonstrate
the existence in several tissues of an Ap-B with a strict
selectivity for the removal of Arg andyor Lys residues at the N
terminus of peptides. Ap-B can be considered, on the basis of

FIG. 4. Western blot analysis of the expression of Ap-B in rat testis, isolated testis components, epididymis, and cultured or conditioned media.
M, prestained molecular mass markers; T, testes; TGC, total germinal cells; SPC, spermatocytes (pachytene stage); SPT, round spermatids; RB,
residual bodies; Ep, epididymis; spermatozoa isolated from the head (SPZ-H) and from the tail of epididymis (SPZ-T); spermatozoa isolated from
the deferent duct (SPZ-DD); Ser, Sertoli cells; Per, peritubular cells; ¢, cellular protein extract; S, cultured or conditioned media collected at the
indicated time; C, control medium.

FIG. 5. Subcellular localization of Ap-B in germinal cells by electron microscopy. (A) Young spermatid at stage VII of the rat seminiferous
cycle. (B) Elongated spermatid at stage III-IV of the rat seminiferous cycle. (C and D) Controls run with the preimmune serum. A, acrosome;
N, nucleus. (324,000.)
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the presence of the HEXXHX18E zinc binding motif in its
amino acid sequence, as a metalloexoprotease of theM1 family
(20).
This family is composed of aminopeptidase A, aminopep-

tidase N, cysteine aminopeptidase, and LTA4 hydrolase. The
latter initially was identified as an hydrolase implicated in the
biosynthesis of the proinflammatory substance LTB4 (29).
Moreover, LTA4 hydrolase exhibits an aminopeptidase activity
(30, 31) and was considered as an arginine aminopeptidase
despite its wide cleavage specificity (32). This data probably
led to the hypothesis that LTA4 hydrolase and Ap-B might be
identical (33), a classification inappropriate in light of the
present evidence. Ap-B exhibits in vitro an epoxide hydrolase
activity in good agreement with the degree of homology
between both enzymes. In LTA4 hydrolase, two tyrosine
residues (Y379 and Y384) were implicated in the suicide inac-
tivation of the enzyme and in catalysis, respectively. Indeed,
the first one covalently binds the LTA4 substrate to inactivate
the enzyme (28), and the latter is necessary to the peptidase
activity as a proton donor in a general base mechanism (34).
The conservation of these two residues in Ap-B further
supports its in vitro, and probably in vivo, bifunctionality. This
also could explain why some atypical LTA4 hydrolase and
Ap-B activities have been reported (35–39).
The structural relationships between rat Ap-B, LTA4 hy-

drolase, and a D. discoideum protein is intriguing. The ob-
served similarities between the three proteins indicate they are
related by evolution. Biochemical studies on this protein will
clarify which kind of activities this protein exhibits. Indeed, D.
discoideum is an amoebae that assembles, via cAMP-
dependent chemotaxis, into a multicellular organism in case of
starvation. As LTB4 induces chemotaxis of leukocytes and
their aggregation in vitro (40), this could indicate that this slime
mold ancestral putative aminopeptidaseyepoxide hydrolase
protein could participate in a primitive intercellular commu-
nication system. In that case, the question about a similar
function for Ap-B remains open.
Concerning the participation of Ap-B in the secretory

pathway, the determination of its subcellular distribution
clearly identified Ap-B in compartments derived from the
Golgi apparatus and in cell culture or incubation media. These
are strong arguments in favor of its passage through this
membrane network. The predicted inefficiency of the putative
Ap-B signal sequence (27) and the invariant molecular mass of
the intra- or extracellular enzyme raise the question of func-
tionality of this signal peptide. However, several proteins such
as ovalbumin and the plasminogen activator inhibitor-2
(PAI-2; ref. 41) are secreted without previous cleavage of their
signal sequence (42, 43). Moreover, PAI-2 is translocated in
the secretory pathway despite a weak recognition of its mildly
hydrophobic bipartite signal sequence (43). Noticeably, Ap-B
also was found in the secretory pathway and in the culture
medium of neuroendocrine cells, and its secretion was depen-
dent upon the cAMP pathway. Finally, electron microscopy
examination of Ap-B producing cells by peroxidase labeled
antibodies confirmed a marked association of the protein to
the plasma membrane (unpublished data).
At the present time, the physiological relevance of the bifunc-

tionality of Ap-B in vitro remains an open question and more
precise in vitro and in vivo determinations might clarify this issue.
The broad pH dependence of the enzyme (18) and its ubiquitous
presence (19) argue in favor of its adaptability to various cellular
subcompartments and its implication in a broad spectrum of
physiological phenomena, including processing, but also inflam-
matory processes in which some potential peptide substrates of
Ap-B such as kallidin (14), enkephalins (15, 44), and somatostatin
(45) might play a central role.
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