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We have previously found that the angiotensin-converting enzyme (ACE) carries
GPI-anchored protein releasing activity (GPIase) as well as dipeptidase activity.
Testicular ACE (tACE), the male germinal specific isozyme, plays a crucial role in
male fertilization. The amino-terminal region of this isozyme is different from that of
somatic isozyme (sACE) and contains potential O-linked glycosylation sites. By
multiple mutagenesis after an in silico prediction, amino acid residues acquiring
O-glycans were assigned. Both GPIase and dipeptidase activities were compared
between O-glycan null mutant and wild-type molecules, but no differences were
found. Furthermore, the wild-type tACE was produced in two different cells
(COS7 and CHO) and its activities compared. The GPIase activity, but not
dipeptidase, was apparently higher for CHO-derived molecule than COS7.
Sensitivity to neuraminidase and O-glycosidase digestions and the profile of
glycosylation were quite different between these two molecules. Moreover, serial
digestions with neuraminidase and O-glycosidase have no influence on GPIase
activity of both molecules, suggesting that the sialylation and the presence of
O-glycan has no influence on tACE enzyme activities, while the set of glycans
modulate GPIase activity.

Key words: angiotensin-converting enzyme, enzyme activity, glycan, gpi-anchored
protein, post-translational modification.

Abbreviations: GPI, glycosylphosphatidylinositol; tACE, testicular angiotensin-converting enzyme; sACE,
somatic angiotensin-converting enzyme; ZP, zona pellucida.

INTRODUCTION

The angiotensin-converting enzyme (ACE) (EC 3.4.15.1)
is a key regulator of blood pressure and also plays a
crucial role in male reproduction. Peptides such as
angiotensin I and bradykinin that regulate blood pres-
sure and induce inflammation are catalysed via the
dipeptidase activity of somatic isozyme, somatic ACE
(sACE). sACE is broadly distributed in body fluids,
suggesting involvement of this isozyme in various
biologic processes (1–3).

In contrast, the male germinal specific isozyme,
testicular ACE (tACE) is less characterized. It is encoded
by the second half of Ace, and its expression is driven by
a testis-specific promoter located in intron 12 of the gene
(4, 5). The dipeptidase domain of tACE is identical to one
of the catalytic domains of sACE and shows similar
activity in vitro. Ace knockout mice show impaired male
fertilization, such as defects in sperm uterotubular
migration and ability to bind the zona pellucida (ZP) of

the egg (6–8). These defects are rescued by introducing
tACE, but not sACE, to the germ cells, suggesting that
tACE possesses crucial functions in male fertility (9, 10).

The N-terminal amino acid sequence of tACE is
completely different from that of sACE. It consists of 38
amino-acid residues and is known to contain potential
O-glycosylation sites. However, the dipeptidase activity
of tACE did not change even after deletion of these
sequences, suggesting that O-glycan is neither required
for dipeptidase activity nor modulates it (11).

We have previously identified another enzymatic
activity of ACE, the GPI-anchored protein-releasing
activity (GPIase) (12). The sperm-ZP binding insuffi-
ciency of Ace knockout sperm can be rescued by a
dipeptidase-inactivated tACE, indicating that the GPIase
activity is crucial for the function of the enzyme in the
sperm.

In the present study, we assessed the effects of
glycosylation on the GPIase and dipeptidase activities
of tACE. The sialylation and the O-glycosylation in the
tACE-specific region had no influence on the basal
GPIase activity, whereas sets of glycans modulated this
activity.
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MATERIALS AND METHODS

Mutagenesis of tACE—To introduce multiple mutations
in tACE, we developed a simple method illustrated in
Fig. 1A. A mutated product was developed by amplifying
two fragments, the left fragment and right fragments,
using fixed primers located out of the coding region
and back-to-back primers that carry mutations. The fixed
primers carried a unique restriction enzyme site at the 50

end. The back-to-back primers were phosphorylated
at the 50 end and ready for ligation. The PCR products

amplified by Pfx polymerase, which does not add a
nucleotide on the 50 end, were digested with each
restriction enzyme (here XhoI for the left and EcoRI for
the right fragments). Finally, the CAAG expression
vector (13), which is cleaved with both restriction
enzymes, together with the left and right fragments
were ligated at once. All ligated constructs were
sequenced to certify the introduced mutations or exclud-
ing errors by PCR. Table 1 provides a list of the primers
used in this study.

Fig. 1. Generation of O-glycan-binding mutants of tACE.
(a) Schematic diagram of mutagenesis. FLAG-tagged murine
tACE ligated to pCAAG vector was used as a template. A
mutated product was developed by amplifying two fragments, the
left fragment and right fragment using primers that are located
out of the coding region and back-to-back primers that carry
mutations. The back-to-back primers are phosphorylated at the 50

end. PCR products amplified by Pfx polymerase, which does not
add a nucleotide on 50 end, were digested with XhoI for the left
and EcoRI for the right fragments. Finally, these fragments are
ligated with the CAAG expression vector, which had been cleaved
with both restriction enzymes previously. Primers used in this

study are listed in Table 1. (b) Amino-acid alignments of tACE-
specific region and its mutants. T residues indicated in red are
predicted O-glycan binding sites. Replaced A residues are
indicated in green. WT, wild-type. (c) Production of recombinant
mutant proteins. The expression vector of each mutant was
transfected into COS7 cells and recombinant proteins were
purified from the culture supernatants. Five micrograms of
each protein were applied to SDS–PAGE, followed by staining
with GelCode Blue Stain Reagent. The GPIase and dipeptidase
activities of each protein are indicated at the bottom. �arbitrary
unit per microgram protein per hour; ��U per mg protein.
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Production of Recombinant Proteins—Expression vec-
tors carrying a FLAG-tagged version of the soluble tACE
or its mutants were transiently transfected into COS7
cells. The same wild-type tACE vector was also trans-
fected into CHO cells and cells permanently producing
tACE were selected. The culture supernatants were
collected and recombinant protein was purified by anti-
FLAG M2-agarose affinity column (Sigma Chemical Co.,
St Louis, MO). Purified proteins were applied for SDS–
PAGE and stained with GelCode Blue Stain Reagent
(Pierce, Rockford, IL).

Neuraminidase and O-glycosidase Digestions—The
wild-type tACE proteins were digested with
a-(2!3,6,8,9)-Neuraminidase (Sigma N8271) and/or
O-glycosidase (Sigma G1163) using the instructions
provided by the supplier. The digested samples were
applied to SDS–PAGE followed by staining with GelCode
Blue Stain Reagent (Pierce) or to GPIase assay.

Lectin Chip Analysis of Recombinant tACE—
Recombinant TA/COS7, WT/COS7 and WT/CHO proteins
were Cy3-labelled and applied to LecChipTM ver.1.0
(Moritex Corporation, Yokohama, Japan). The fluores-
cent intensity of each chip was acquired by an evanes-
cent-field fluorescent scanner, GlycoStationTM

Reader1200 (Moritex Corporation). All data were ana-
lysed by Array-ProTM Analyzer (Media Cybernetics, Inc.,
Bethesda, MD) (14).

GPIase Assay—GPIase activity was examined by a
placental alkaline phosphatase (PLAP) conversion assay
on Triton X-114 partition, as described previously (15).
Briefly, recombinant proteins were mixed with 0.3 IU/ml
of detergent-soluble PLAP in a buffer containing 100 mM
2-(N-morpholino)ethanesulfonic acid, pH 6.0 and 5 mM
CaCl2, and reaction was performed for 60 min at 378C.
The reaction was stopped by adding Triton X-114 at a
final concentration of 2%, followed by microcentrifuga-
tion at 358C. The water-soluble phase was collected, and
PLAP activity was measured.

Dipeptidase Assay—The ACE dipeptidase activity was
measured by colorimetry, as described previously, using
p-hydroxyhippuryl-L-histidyl-L-leucine (pHHHL) as a
substrate (16).

Statistical Analyses—All data were expressed as
mean�SD. Differences between GPIase and dipeptidase

assays were examined for statistical significance using
the Student’s t- test. A P-value less than 0.05 denoted
the presence of a statistically significant difference.

RESULTS AND DISCUSSIONS

Generation and Characterization of O-glycosylation
Site Mutants—To investigate the effects of O-glycosyla-
tion on enzyme activities of tACE, amino acid residues
for O-glycan binding were predicted by NetOGlyc 3.1
server of Technical University of Denmark. The amino
acid T42, T46, T47, T51, T52, T53, T57, T61 and T62
were predicted as potential O-glycan-binding sites.

We classified these sites into five regions and intro-
duced T to A mutations using our simple and defined
method (Fig. 1a). We also developed a mutant, called TA,
in which all nine predicted T residues were exchanged
with A. These constructs driven under a strong promoter,
CAAG, were introduced into COS7 cells and recombinant
proteins were purified from culture supernatants. We
found size differences among these mutants and the
wild-type by SDS–PAGE (Fig. 1b). High mobility was
observed for TA, r3 and r5 mutants, implying that the
O-glycan binding sites are T51/T52/T53 and T61/T62.

We also assessed both GPIase and dipeptidase activ-
ities of these molecules but found no differences, even
in the TA mutant, compared with the wild-type molecule
(Figs 1c, 3b and c). Furthermore, the profile of glycosyla-
tion was compared between TA and wild-type molecules
by the lectin chip analysis. As shown in Fig. 2a, TA did
not bind with BPL, ABA, Jacalin and WFA lectins,
indicating that O-glycan is absent in TA. The above
findings also implied that O-glycan binding is not
required for both GPIase and dipeptidase activities
of tACE.

Characterization of tACE Produced in Different Cells—
We produced tACE molecule in COS7 and CHO cells, and
termed them WT/COS7 and WT/CHO, respectively. We
then compared the profile of glycosylation and enzyme
activities of these two molecules. The size of proteins
appeared similar by SDS–PAGE, while the mobility after
neuraminidase alone or serial digestions with O-glycosi-
dase were faster for WT/CHO than WT/COS7, indicating
that sensitivity to neuraminidase and O-glycosidase is

Table 1. PCR primers used in this study.

Type of primer Primer name Sequences

Upstream primer ACE-delU GGCGGCTCTAGAGCCTCTGCTAACC
Downstream primer ACE-delD AGGAGGAATTCGTCACTTATCATC
Back-to-back primer T to A-U GGCTGCTGCCTGGTTTGCTATCCCCTGGTTGGCTGCCAC

T to A-D AGAGCCCAGGCAGCAGCTCACCAAGCAGCCATTGACCAGGCAGCC
R1-U TGTTGCCTGGTTTGCTATCC
R1-D ACCAGAAGCCAGACAACAACT
R2-U TGCCTGGTTTGTTATCCCCTGG
R2-D GCAGCCAGAAGCCAGACAACAACT
R3-U CTGGCTTCTGGTTGTTGCC
R3-D GCAGCAGCTCACCAAGCAACC
R4-U CTGGTCAATGGCTGCTTGGT
R4-D ACAACCCAGATCCCAAACCTA
R5-U CTGGTCAATGGTTGCTTGGT
R5-D GCAGCCCAGATCCCAAACCT
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different between these two proteins (Fig. 3a). We also
digested these molecules with N-glycosidase (PNGase F,
Sigma G5166) but found no difference in mobility (data
not shown).

Based on the lectin chip analysis, the profile of
glycosylation was different between WT/COS7 and WT/
CHO. As shown in Fig. 2b, BPL binding was absent in
WT/CHO, ABA even, Jacaline reduced in WT/COS7,
WFA absent in WT/CHO and MPA absent in COS7,
suggesting that the profile of O-glycan is apparently
different. Using in silico analysis, WT/COS7 was found
to contain T-antigen, Tn-antigen and Sialyl-T, while
WT/CHO carried almost Sialyl-T only. For N-glycans,
TJA-II binding was detected in WT/COS7, indicating the
presence of Fuca1-2. In WT/COS7, RCA120 and LEL

bindings indicated higher expression of N-acetyl
lactosamine.

In the next step, we examined GPIase and dipeptidase
activities of these molecules. We found two-fold higher
activity of GPIase in WT/CHO than in WT/COS7, while
dipeptidase activity was equal in the two molecules
(Fig. 3b and c). Finally, the GPIase activity of both
molecules have not changed after neuraminidase and/or
O-glycosidase treatments, implying that the sialylation
and the O-glycosylation have no influence on GPIase
action (Fig. 3d).

These results suggest that the glycans sets modulate
GPIase activity but not dipeptidase of tACE.

The profile of glycosylation was different between
these two proteins, suggesting that glycan species

Fig. 2. Lectin chip analysis of recombinant tACE proteins.
Comparison of glycosylation profile between WT/COS7 and TA/
COS7 (a) and between WT/COS7 and WT/CHO (b). Data

represent the normalized intensity of each lectin binding.
Lectins used in this study was listed in Table 2.
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bound on the same protein modulated the GPIase
activity. Several reports described the correlation
between glycosylation and protein function. The change
in glycosylation profile was mainly due to deficiencies
of some sugar binding enzymes, resulting in dysfunction
of the protein. The targets of these enzymes are cell
surface receptors, adhesion molecules and/or matrix
proteases. Such proteins with extra-ordered glycosyla-
tion may induce abnormal cell-to-cell interaction and
lead to the development of diseases (17–20). In contrast,
our finding in this study may be showing that glycosyla-
tion profile modulates enzymatic activity.

In the present study, our results suggested that
glycosylation of an enzyme molecule modulates its
enzyme activity. It is possible that the same enzyme
produced by different tissues exhibits different enzymatic
activity. Thus, the glycosylation of enzyme may represent
a post-translational regulatory process involved in the
modulation of enzymatic activity in vivo.
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Table 2. Lectins used in the lectin chip assay.

Lectin Hapten sugar

GSL-I-B4 a-Linked GalNAc
GSL-I-A4 a-Linked Gal
WGA Chitin oligomers, Sia
MAH Siaa2-3Galb1-3(Siaa2-6)GalNAc
PTL-I a-Linked terminal GalNAc
Calsepa Mannose, Maltose
SBA a- or b-linked terminal GalNAc, GalNAca1–3Gal
DBA Blood A antigen, GalNAca1–3GalNAc
VVA a-Linked terminal GalNAc, GalNACa1–3Gal
HPA a-Linked terminal GalNAc
MPA Galb1–3GalNAc, GalNAc
ACA Galb1–3GalNAc
WFA GalNAcb1–4GlcNAc, Galb1–3(-6)GalNAc
PNA Galb1–3GalNAc
Jacalin Galb1–3GalNAc, GalNAc
PWM (GlcNAcb1–4)n
UDA GlcNAcb1–4GlcNAc, Mixture of Man5 to Man9
STL GlcNAc oligomers, oligosaccharide containing GlcNAc and MurNAc
LEL GlcNAc trimers/tetramers
ABA Galb1–3GalNAc
EEL Blood B antigen, Gala1–3Gal
TJA-II Fuca1–2Galb1! or GalNAcb1!groups at their non-reducing terminals
BPL Galb1–3GalNAc, GalNAc
TxLC1 Mana1–3(Mana1–6)Man, bi- and tri-antennery complex-type N-glycan, GalNAc
ACG Siaa2–3Galb1–4GlcNAc
HHL High-mannose, Mana1–3Man, Mana1–6Man
GNA High-mannose, Mana1–3Man
ConA High-mannose, Mana1–6Man(Mana1–3)Man
NPA High-mannose, Mana1–6Man
GSL-II Agalctosylated tri/tetra antennary glycans, GlcNAc
DSA (GlcNAcb1–4)n, Galb1–4GlcNAc
PHA(E) Bi-antennary complex-type N-glycan with outer Gal and bisecting GlcNAc
RCA120 Galb1–4GlcNAc
ECA Galb1–4GlcNAc
PHA(L) Tri/tetra-antennary complex-type N-glycan
TJA-I Siaa2–6Gal/GalNAc
SSA Siaa2–6Gal/GalNAc
SNA Siaa2–6Gal/GalNAc
MAL Siaa2–3Galb1–4GlcNAc
AAL Fuca1–6GlcNAc, Fuca1–3(Galb1–4)GlcNAc
AOL Fuca1–6GlcNAc(core Fuc)
UEA-1 Fuca1–2Galb1–4GlcNAc
LCA Fuca1–6GlcNAc, a-D-Glc, a-D-Man
PSA Fuca1–6GlcNAc, a-D-Glc, a-D-Man
LTL Fuca1–3(Galb1–4)GlcNAc, Fuca1–2Galb1–4GlcNAc
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