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Renin binding protein (RnBP), a cellular renin inhibitor, was identified as an enzyme,
GlcNAc 2-epimerase. Recombinant RnBP inhibited porcine renin activity in a dose
dependent manner. However, the inhibition was neutralized by nucleotides, such as
ATP, dATP, dGTP, dCTP or dTTP. Moreover, ATP inhibited the formation of hetero-
complex of renin with RnBP, called high molecular weight (HMW) renin. On the other
hand, N-ethylmaleimide (NEM), a SH-alkylating reagent inhibited the GlcNAc
2-epimerase activity concomitant with the decaying of the dimer to the monomer of
the enzyme. The inhibition was modulated in the presence of ATP. These results
indicate that nucleotides stabilize the dimeric form RnBP (GlcNAc 2-epimerase) and
inhibited the formation of the renin-RnBP hetero complex, HMW renin.
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Abbreviations: AHOX, N-acyl hexosamine oxidase; GlcNAc, N-acetylglucosamine; HMW, high molecular
weight; HTIB, 3-hydroxy 2,4,6-triiodobenzoic acid; NEM, N-ethylmaleimide; RnBP, renin binding protein.

Renin [EC 3.4.23.15] is a key enzyme of controlling the
activity of renin-angiotensin-aldosterone system (1).
Renin binding protein (RnBP) is a protein that inhibits
renin activity with the formation of a renin-RnBP hetero
complex called high molecular weight (HMW) renin (2–5).
The nucleotide sequences of porcine, human, and rat RnBP
cDNAs were determined and the amino acid sequences
consisted of 402, 417 and 419 amino acid residues, respec-
tively (6, 7). The co-expression of renin and RnBP cDNAs in
AtT-20 cells showed that RnBP regulates active renin
secretion from the transferred cells (8). The human and
rat RnBP genes were also isolated from genomic DNA
libraries (9–11). Both genes span about 10 kilobase pairs
and consisted of 11 exons separated by 10 introns. The
human RnBP gene was found to located in human chromo-
some X by means of PCR of hybrid DNAs from human and
hamster somatic cells (9), and it has been mapped in the
distal Xq28 chromosome band (12, 13). In addition, a poly-
morphism in intron 6 of the RnBP gene was shown to be
associated with a 40% increase in the renin/prorenin ratio
in Caucasian men (10). Moreover, the expression of RnBP
mRNA was determined in rats with RNase protection ana-
lysis (14). The RnBP mRNA was detected in the kidney,
brain, lung, adrenal gland, heart, spleen, ovary and testes.
The expression of renin and RnBP mRNA in the kidneys of
rat with two-kidney one-clip hypertension has been inves-
tigated (14, 15). The renin mRNA level of the clipped kid-
ney is increased significantly. On the other hand, the RnBP
mRNA levels of the kidneys remain unchanged.

The cDNA cloning of porcine kidney N-acetylglucosa-
mine (GlcNAc) 2-epimerase [EC 5.3.1.8] (16) and the
expression and characterization of human RnBP (17, 18)

showed that RnBP was identical to GlcNAc 2-epimerase.
The enzyme catalyzes the conversion between GlcNAc and
N-acetylmannosamine (ManNAc). The human GlcNAc
2-epimerase specifically inhibited by N-ethylmaleimide
(NEM), monoiodoacetic acid, 5,50-dithiobis (2-nitorobenzoic
acid), and the active site residue of the enzyme was
identified as cysteine 380 by site-directed mutagenesis
(19). In our previous studies it was demonstrated that
nucleotides, such as ATP, dATP, ddATP, ADP and GTP,
enhance human, rat and porcine GlcNAc 2-epimerase
activity (20). Moreover, the nucleotide binding domain
and the amino acid residues conferring nucleotides were
also determined (21, 22). However the function of nucleo-
tides on the interaction of renin with RnBP had not been
understood. In the present study, the effects of several
nucleotides on the interaction of renin with RnBP (GlcNAc
2-epimerase) were investigated. Our results demonstrated
that nucleotides, such as ATP, inhibited the formation of
HMW renin to stabilize the dimeric form of RnBP (GlcNAc
2-epimerase).

MATERIALS AND METHODS

Materials—N-Acylhexosamine oxidase (AHOX), Man-
NAc, and 3-hydroxy 2,4,6-triiodobenzoic acid (HTIB)
were obtained from Sigma (St. Louis). 4-Aminoantipyrine
and horseradish peroxidase were from Nacalai Tesque
(Kyoto) and Wako Pure Chemical (Osaka), respectively.
Restriction enzymes, and dATP, dCTP, dGTP, and dTTP
were obtained from Takara (Otsu, Shiga). Porcine kidney
renin and recombinant porcine RnBP were purified as
described previously (3, 20).
Renin Activity—The renin activity was measured by the

rate of formation of angiotensin I from porcine plasma
angiotensinogen (23). After the incubation of renin with
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partially purified angiotensinogen at 3�C for 60 min in 0.1
M sodium phosphate buffer, pH 6.5, containing 10 mM
EDTA, 1 mM PMSF, angiotensin I produced was
determined using a radioimmunoassay (24).
GlcNAc 2-Epimerase Activity—The GlcNAc 2-epimerase

activity was measured in a system of AHOX coupled with
peroxidase (25). Samples (20 ml) were incubated at 37�C
with 80 ml of 0.1 M Tris-HCl, pH 8.0, 10 mM MgCl2, 50 mM
ManNAc and 5 mM ATP. The reaction was terminated by
adding 0.9 ml of ice-cold water. The diluted sample (20 ml)
was incubated with 0.25 ml of 1 mM 4-aminoantipyrine,
0.5 unit/ml of AHOX, 5 units/ml of horseradish peroxidase
in 0.1 M sodium phosphate buffer, pH 7.25, containing
0.1% NaN3 and 0.25 ml of 2 mM HTIB in 0.1 M sodium
phosphate buffer, pH 7.25, containing 0.1% NaN3. After
incubation at 37�C for 30 min, the absorbance at 515 nm
was measured. One unit of the enzyme activity was defined
as the amount of enzyme that produced 1 mmol of GlcNAc
per min.
Effects of NEM on GlcNAc 2-Epimerase Activity—

GlcNAc 2-epimerase (5 mg) was incubated at 25�C for
5 min with NEM (0–0.3 mM) in 20 mM sodium phosphate
buffer, pH 7.0, 0.15 M NaCl, 0.02% NaN3 in the presence or
absence of 5 mM ATP in a total volume of 0.1 ml. Then the
sample was mixed with 0.1 ml of 20 mM sodium phosphate
buffer, pH 7.0, 0.1% 2-mercaptoethanol. After incubation
at 4�C for 5 min, the residual GlcNAc 2-epimerase activity
was measured.
Gel Filtration Chromatography—Samples (0.2 ml) were

separated using Superdex 75 HR10/30 (Amersham
Bioscience) in 20 mM sodium phosphate buffer, pH 7.0,
containing 0.15 M NaCl and 0.02% NaN3 at a flow rate
of 1.0 ml/min and fractionated in 1-ml fractions. Bovine
serum albumin (BSA, 67,000), ovalbumin (Oval, 45,000),
and soybean trypsin inhibitor (SBTI, 20,100) were used as
molecular weight standards.
Protein Determination—The concentration of protein

was determined using a Bio-Rad protein assay kit (26)
with bovine serum albumin as a standard. The purified

porcine renin concentration was estimated with a
coefficient of 9.1 (280 nm) for a 1% solution with a 1 cm
path-length (27).
Effects of Nucleotides and NEM on the Hydrolysis of

GlcNAc 2-Epimerase by Thermolysin—One microgram of
NEM treated or intact RnBP was incubated with thermo-
lysin in Tris-HCl, pH 7.5, containing 10 mM MgCl2 in the
presence or absence of 5 mM ATP. After incubation at 37�C
for the indicated times, thermolysin was inactivated by
adding 2 ml of 0.1 M o-phenanthroline. The sample was
subjected to SDS-PAGE. After the electrophoresis, the
protein was stained with Coomassie Brillinant Blue R-250.

RESULTS

Effects of ATP on Renin Inhibition by RnBP—As shown
in Fig. 1, RnBP inhibited the renin activity in a
dose-dependent manner in the absence of ATP (closed
circles in Fig. 1). However, the renin inhibition was neu-
tralized by the addition of ATP (open circles in Fig. 1). On
the other hand, ATP had no effects on the renin activity in
the absence of RnBP (data not shown). These results
clearly indicate that ATP interrupts the interaction of
renin with RnBP, GlcNAc 2-epimerase. The following
experiments were performed to clarify the effects of nucleo-
tides on the formation of RnBP homodimer and
renin-RnBP heterodimer.
Modulation of Renin Inhibition of RnBP by

Nucleotides—The effects of other nucleotides on renin inhi-
bition by RnBP are also shown in Fig. 2. Deoxy nucleotides,
such as dATP, dGTP, dCTP and dTTP, cancelled the inhi-
bition of renin by RnBP. ADP had little effect on the
cancellation of renin inhibition by RnBP. However, AMP
had no effects of renin inhibition by RnBP. In connection
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Fig. 1. Inhibition of renin by RnBP in the presence or
absence of ATP. The reaction mixture containing 20 mM sodium-
phosphate buffer, pH 6.5, 1 mM EDTA, 10 mM leupeptin, 0.1% BSA,
65 pg pure renin and RnBP in the absence (closed circles) or
presence (open circles) of 5 mM ATP was incubated at 37�C for
5 min. Then, the residual renin activity was measured as described
in the text.
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Fig. 2. Effects of nucleotides on the renin inhibition by
RnBP. The purified renin (65 pg) was incubated with RnBP
(800 pg) in the presence of 5 mM nucleotides. After the incubation
at 37�C for 5 min, the residual renin activity was measured as
described in the text.
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with the results, dATP enhanced porcine GlcNAc
2-epimerase activity 1.35-fold in comparison with ATP.
But the effects of ADP and AMP on the enzyme activities
were 58% and 12% in comparison with ATP (20).
Stabilization of Dimeric Form of RnBP by ATP—It is

well known that RnBP binds renin and forms a hetero
complex, so-called HMW renin (2–4). The purified porcine
renin showed a single peak with an apparent molecular
weight of 40,000 (Fig. 3, S1). When renin was incubated
with RnBP, the molecular weight of renin was shifted to
about 65,000 (Fig. 3, S2). The molecular weight of renin
remained of 40,000 in the presence of ATP, even after the
incubation of renin with RnBP (Fig. 3, S3). Thus, ATP
inhibited the renin-RnBP heterodimer formation.
Effects of NEM on GlcNAc 2-Epimerase—In our previous

studies, we showed that sulfhydryl-oxidizing and -alkylat-
ing reagents dissociated the dimeric form of RnBP to mono-
mer (5). Moreover, these reagents specifically inactivated
the GlcNAc 2-epimerase activity. Thus, we have studied
the effects of NEM, a sulfhydryl-alkylating reagent, on the
dimeric form of RnBP (GlcNAc 2-epimerase) and its
enzymatic activity. As shown in Table 1, NEM strongly
inhibited the GlcNAc 2-epimerase activity in the absence
of ATP. The inhibition was modulated in the presence of
5 mM ATP. High concentration of NEM (5 mM) completely
inhibited the GlcNAc 2-epimerase activity even in the
presence of ATP. The effects of NEM and ATP on the
dimeric form of GlcNAc 2-epimerase are also shown in
Fig. 4. As already pointed out (18, 20), native recombinant
GlcNAc 2-epimerases (RnBPs) existed as a dimer with an
apparent molecular weight of 65,000 (Fig. 4, S1). When
GlcNAc 2-epimerase was incubated with NEM, the

molecular weight of the enzyme shifted to a lower
molecular weight region with an apparent molecular
weight of 40,000. On the other hand, NEM treatment of
GlcNAc 2-epimerase in the presence of ATP had no effects
on the molecular weight of the enzyme. The GlcNAc
2-epimerase activities of the eluate in Fig. 4 are also
shown in Fig. 5. Native and NEM treated GlcNAc
2-epimerases in the presence of ATP showed the activity
in the dimeric position (Figs. 5, S1 and S3). However, the
enzyme activity was completely abolished by NEM in the
absence of ATP (Fig. 5, S2).
Effects of NEM and ATP on the Hydrolysis of GlcNAc

2-Epimerase by Thermolysin—When GlcNAc 2-epimerase
was incubated with thermolysin in the presence of ATP, no
degradation product was seen, even after incubation for
20 min (Fig. 6, lanes 9–11). GlcNAc 2-epimerase was easily
hydrolyzed by thermolysin in the presence of NEM (Fig. 6,
lanes 5–7). On the other hand, the enzyme was not
hydrolyzed by thermolysin in the presence of ATP, even
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Fig. 3. Effects of ATP on the formation of the renin-RnBP
hetro-complex, HMW-renin. Samples used were: S1, purified
renin (0.1 mg); S2, reaction mixture of renin (0.1 mg) with RnBP
(5.0 mg); S3, reaction mixture of renin (0.1 mg) with RnBP (5.0 mg) in
the presence of 5 mM ATP.

Table 1. Effects of NEM on GlcNAc 2-epimerase activity.

NEM concentration (mM) -ATP +ATP

0 100 100

0.1 38.6 89.9

0.2 17.7 70.5

0.3 10.4 63.9

Fig. 4. Gel filtration of intact or NEM-treated RnBP (GlcNAc
2-epimerase). Samples used were: (S1), intact RnBP (12.5 mg);
(S2), 0.3 mM NEM treated RnBP (12.5 mg); (S3), 0.3 mM NEM
treated RnBP (12.5 mg) in the presence of 5 mM ATP.
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in the presence of NEM (Fig. 6, lanes 12–14). These results
suggest that the dimeric form of GlcNAc 2-epimerase is
resistant to protease, but the monomeric form of the
enzyme is sensitive to protease digestion.

DISCUSSION

The RnBP was firstly isolated from porcine kidney as a
complex of renin. The protein bound to renin to form
HMW renin. Recently, RnBP was identified as the enzyme
GlcNAc 2-epimerase by the cDNA cloning of the porcine
enzyme (16) and the expression and characterization of
human RnBP (17, 18). Nucleotides, such as ATP, dATP
and ADP, were essential for GlcNAc 2-epimerase activity.
However, the effects of nucleotide on the interaction of
renin with GlcNAc 2-epimerase had not been understood.
In this report, we studied the effects of several nucleotides
on GlcNAc 2-epimerase and renin. Our previous studies
indicated that RnBP inhibited the renin activity in a
dose dependent manner (3, 5) (Fig. 1). Interestingly, the
inhibition was modulated in the presence of ATP. More-
over, nucleotides, such as ADP, dATP, dGTP, dCTP and
dTTP, were effective for the modulation of NEM treatment
(Fig. 2). These nucleotides seem to stabilize GlcNAc
2-epimerase and to form active sites of the enzyme.

The purified RnBP from porcine kidney bound to renin to
form a hetro-complex of renin with RnBP called HMW
renin. The molecular weight of renin shifted to 65,000
when RnBP was incubated with renin (Fig. 3, S2).
However, the shift of molecular weight was abolished by
ATP. ATP had no direct effects on renin activity and the
molecular weight of renin (data not shown). These results
indicate that ATP directly affects the RnBP molecule to
inhibit the interaction of renin with RnBP. The effects of
NEM on GlcNAc 2-epimerase activity had already been
studied (19). SH-reagents, including NEM, strongly
inhibited GlcNAc 2-epimerase activity and the essential

cysteine residue was identified as cysteine-380 of the
human enzyme (19). In connection with the effects of
NEM on RnBP, the recombinant porcine RnBP existed
as a dimer and as dissociated monomers in the presence
of SH-reagents. Interestingly, ATP protected the dissocia-
tion of the dimeric from of GlcNAc 2-epimerase, even in the
presence of NEM (Fig. 4, S2). The enzyme activity also
remained in the presence of ATP, even in the presence
of NEM (Fig. 5, S3). Thus, ATP seems to stabilize dimeric
form of GlcNAc 2-epimerase to form the catalytic domain of
the enzyme. The stabilization effects of ATP on GlcNAc
2-epimerase are also shown in Fig. 6. The enzyme was
quite stable in the presence of ATP, even in the presence
NEM. No degradation product was seen on the gel (Fig. 6,
lanes 9–14). However, the enzyme was easily degraded by
thermolysin in the presence of NEM. These results clearly
indicate that the dimeric form of the enzyme has a protease
resistant configuration, but the NEM-treated monomer
has an unstable configuration.

Taken together, nucleotides, such as ATP, ADP and
dATP, stabilize the dimeric form of GlcNAc 2-epimerase
(RnBP). In the absence of nucleotide(s), RnBP can easily
bind to renin to form a hetero-complex renin called HMW
renin (Fig. 7). On the other hand, the RnBP homodimer
is hard to dissociate into monomers in the presence of
nucleotide(s). Thus, the formation of the RnBP-renin
hetro-complex is inhibited by nucleotide(s). The half-
maximal concentration of ATP for porcine GlcNAc
2-epimerase was estimated to be 40 mM (20). The cytosolic
ATP level in the normal cells was estimated to be about
1.0 mM and increased during apoptosis (31). Thus, the
concentration of ATP used in this study seems to be
physiological range in the cells.

In the present results, it is clearly shown that ATP
regulates the formation of HMW renin to modulate
renin activity in vitro. Further elaborate studies eg.
in vivo and cell experiments will provide the physiological
function of RnBP, GlcNAc 2-epimerase.
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Fig. 5. Effects of NEM on GlcNAc 2-epimerase activity.
GlcNAc 2-epimerase activity in Fig. 4 was measured as described
in the text.

Fig. 6. Effects of NEM and ATP on the hydrolysis of GlcNAc
2-epimerase by thermolysin. Intact or NEM treated GlcNAc
2-epimerase was digested by thermolysin in the presence or
absence of 5 mM ATP. After the SDS-PAGE, proteins were stained
with Coomassie Brilliant Blue R-250.
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