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Abstract

The enzyme S-adenosyl-homocysteine hydrolase (AdoHcyase) which catalyzes the reversible hydrolysis of AdoHcy to adenosine and
homocysteine is an adenosine binding protein. In the present study we examined the characteristics of [*H]JcAMP binding to purified
AdoHcyase from bovine kidney in comparison with the high affinity adenosine binding site of AdoHcyase. AdoHcyase exhibits one
[*H]cAMP binding site with an affinity of K; = 23.1 & 1.1 nM and a B, of 116.6 + 3.8 pmol/mg protein. Binding of [*°H]cAMP obeyed
a monophasic reaction with a k., value of 0.035 min/M. The dissociation of AdoHcyase-[*’H]cAMP complex exhibited a time- and
temperature-dependent character. After a 240 min incubation at 0° only 5-10%, however, at 20° 90% were displaceable. Adenosine and
cAMP displace each other with similar affinities of Ecsg 57 nM vs. ECso 65 nM. 2'-Deoxyadenosine, Né—methyladenosine, and NECA
displace 25 nM [*H]cAMP and 10 nM [*HJadenosine with Ecsq values of 94, 90 and 80 nM, respectively. All other nucleosides studied,
adenine, inosine, adenosine-2’,3’-dialdehyde, 2-chloroadenosine, aristeromycin, and adenine nucleotides were only week competitors for
[*H]cAMP and [*H]adenosine. These compounds displace [*H]cAMP and [*H]adenosine with equal potencies. Our data indicate that the
binding site for nanomolar concentrations of cAMP and adenosine at the AdoHcyase appears to be identical. The physiological

implications of a cAMP binding site at the AdoHcyase remain to be established.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

AdoHcyase (EC 3.3.3.1) catalyzes the reversible hydro-
lysis of AdoHcy to adenosine and homocysteine and thus
regulates S-adenosylmethionine-dependent transmethyla-
tion reactions by hydrolyzing the potent feedback inhibitor
AdoHcy [1]. The equilibrium of the reaction favors the
synthesis of AdoHcy with a K., of 10~° M [2]. However,
hydrolysis of AdoHcy to adenosine and homocysteine
prevails under physiological conditions because both reac-
tion products are removed rapidly, adenosine by adenosine
kinase or adenosine deaminase and homocysteine by
cystathionine B-synthase or S5-methyltetrahydrofolalate-
homocysteine S-methyltransferase.
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Asrecently shown AdoHcyase binds adenosine with three
different affinities and a capacity of 2 mol adenosine/mol
enzyme. Therefore, AdoHcyase is one of the adenosine
binding proteins in the kidney [3]. AdoHcyase contains
tightly bound NAD™, 4 mol of NAD"/mol enzyme which
plays an integral part in the catalytic pathway [4,5]. The
extent of NAD™ reduction in the enzyme determines the
adenosine binding and enzyme activity of AdoHcyase [6].

The concept of cAMP as a second messenger implies
that cCAMP mediates not only a wide variety of cellular
responses to hormonal signals, including changes in inter-
mediary metabolism but also modulates processes of cel-
lular proliferation and cellular motility [7-10]. Specific
intracellular cAMP binding proteins, which are not asso-
ciated with cAMP-dependent protein kinase, may have a
possible function to modulate the effect of intracellular
cAMP [11]. Earlier reports have shown that AdoHcyase is
also a cAMP binding protein [11-14]. The binding of
cAMP to AdoHcyase was reported to be weaker compared
to that of adenosine and can be inhibited by the latter [14].
Since cAMP increases the activity of AdoHcyase in the
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direction of hydrolysis [15] and since AdoHcy was sug-
gested to inhibit cAMP phosphodiesterase [16], the phy-
siological effect of cAMP may serve to maintain AdoHcy
tissue content at a low level.

Although AdoHcyase binds adenosine and cAMP little
information is available whether there is a common bind-
ing site on AdoHcyase which is shared by adenosine and
cAMP. In the present study we characterize the cAMP
binding site and the interference of various adenosine
analogues on adenosine and cAMP binding on purified
AdoHcyase from bovine kidney.

2. Materials

The following materials were purchased from the
sources indicated: [2,8-3H]adenosine-3',5'-cyclic phos-
phate (925 GBg/mmol), [2,8,5'-*H]adenosine (2.3 TBq/
mmol) NEN Germany; adenosine, cAMP, AMP, ATP,
Boehringer; adenine, 2'-deoxyadenosine, adenosine-2',3'-
dialdehyde, aristeromycine, 2-chloroadenosine, N6—methy—
ladenosine, diadenosine-diphosphate, 3-deazaadenosine,
inosine, hypoxanthine, Sigma—Aldrich; NECA, theophyl-
line, DPCPX RBI. All buffer chemicals were of the highest
available quality exclusively from Merck.

3. Methods
3.1. Enzyme purification

AdoHcyase was purified from bovine kidney with chro-
matographical techniques as described previously [3]. The
purified enzyme was frozen at —20° until use.

3.2. Protein assay

Protein concentration was determined according to the
method of Bradford [17] using bovine serum albumin as a
standard.

3.3. Binding assay procedure

Binding experiments were performed in a final volume
of 300 uL. 20 mM Tris—40 mM Hepes buffer pH 7.4 with a
concentration of AdoHcyase of 10 pg/mL. Association
kinetic studies were performed by incubating AdoHcyase
with 25 nM [*H]cAMP at 0 and 20°. Samples of the
reaction mixture were removed after 5, 10, 15, 30, 60,
90, 120, 180, 240, 300 min after addition of [PH]JcAMP and
filtered through GF/B filters (Whatman) presoaked for at
least 1 hr in 0.3% polyethylenimine [18]. The filters were
washed with 8 mL of ice cold 50 mM Tris—HCI buffer pH
7.4 and 1 mM DTT. The filtration and rinsing process was
finished in 5 s. Radioactivity adsorbed on the filters was
determined by liquid scintillation counting.

Dissociation kinetic studies were performed after equi-
librium binding of [*’H]cAMP (25 nM) to AdoHcyase by
incubation for 240 min at 0 and 20°. The dissociation
reaction was initiated by addition of unlabeled cAMP in
a final concentration of 1 mM. Samples of the reaction
mixtures were removed before and at various times after
addition of cAMP and were filtered through GF/B filters, as
described above.

For saturation analysis, [’H]cAMP was included at final
ligand concentrations of 1.0-300 nM. The nonspecific
binding was determined in the presence of | mM unlabeled
cAMP. The reaction mixture was incubated for 2 hr at 20°.
The AdoHcyase—[°’H]JcAMP complex was recovered by
rapid filtration through Whatman GF/B filters as described
above.

In competition experiments, fixed concentrations of
[*H]cAMP (25 nM) and [*H]adenosine (10 nM) were incu-
bated for 2 hr at 20° with concentrations (0~10"* M) of
adenosine analogues in 20 mM Tris—40 mM Hepes buffer
pH 7.4. After incubation samples were filtered and washed
as described above.

3.4. Preparation of apo-AdoHcyase

The apoenzyme of AdoHcyase was prepared at saturated
ammonium sulfate concentration as described by Gomi
et al. [19]. The protein was dissolved in 20 mM Tris—
40 mM Hepes buffer pH 7.4 and desalted over dialysis.

3.5. Spectrophotometric titration of the enzyme

Reduction of the AdoHcyase bound NAD ™ by adenosine
causes an increase in the absorbance at 327 nm [5,20]. The
enzyme (0.47 mg/mL) was titrated with adenosine and
cAMP in 20 mM potassium phosphate pH 7.4 at room
temperature. The titration data were fitted as described
previously [5].

4. Calculation and statistics

Data were analyzed using two fitting procedures,
LIGAND [21] and nonlinear regression analysis. The
run test was used to determine the goodness of fit data
to a given curve. The F test was applied to compare curve
fitting for a one vs. two or more receptor site model, P
values of <0.05 were considered significant.

5. Results
5.1. Binding of cAMP
At 0° the association of 25nM [PH]cAMP was not

completed after 300 min and only 5-10% dissociated
within 240 min after addition of 1 mM nonlabeled cAMP.
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Fig. 1. Association and dissociation kinetics of specific [*H]cAMP binding to AdoHcyase at 0 and 20°. AdoHcyase was incubated with [*PH]cAMP (25 nM)
for various time intervals at different temperatures. Nonspecific binding was 20% of total binding. Data represent the means of one experiment performed in

duplicate and are representative of three separate experiments.

However, at 20° the equilibrium of 25 nM [*H]adenosine
was reached after 60 min (Fig. 1). The kinetic experiments
demonstrated that binding of [’H]JcAMP to AdoHcyase
was nearly completely reversible at 20°. The time-course
of association followed a single exponential function with
a k., value of 0.035/min/M. Dissociation rate constant of
[*H]cAMP, k_,, initiated by the addition of 1 mM unla-
beled cAMP was 0.0121/min. The K, value calculated
from these kinetic constants was 26.5 nM. Similar results
were obtained when dissociation was assessed by infinite
dilution.

Saturation experiments were performed by increasing
concentrations of [*H]JcAMP up to 300 nM. Nonspecific
binding increased linearly with increasing [*H]cAMP con-
centrations and represented approximately 20-25% of total
binding. Nonlinear regression (Fig. 2) and Scatchard ana-
lysis (Inset Fig. 2) of the binding isotherms indicated that a
single population of binding sites was labeled. The equili-
brium dissociation constant (K;) was 23.1 & 1.1 nM and
the maximal number of binding sites (B,.x) labeled by
[*H]cAMP was 116.6 + 3.8 pmol/mg protein. The max-
imal binding revealed a mole/mole ratio of cAMP/AdoH-
cyase of 0.025.

5.2. Displacement of [ SHJcAMP and [°H]adenosine by
adenosine analogues

In order to characterize further the pharmacological
properties of the cAMP and adenosine binding site, com-
petition experiments for [*H]JcAMP and [*H]adenosine
binding to AdoHcyase were performed with endogenous
adenosine nucleosides and nucleotides, AdoHcyase
inhibitors and adenosine receptors agonists and antago-
nists. Table 1 shows the Ecsy values of adenosine
derivatives at the [*H]JcAMP and [*H]adenosine binding
site. Adenosine and cAMP displace each other with
similar affinities of ECsy 57 nM vs. ECso 65 nM. Also
the affinities of the compound tested were similar for
the binding site of adenosine and cAMP. The rank order
of potency of adenosine analogues for both binding
sites was identical (adenosine > 2’-deoxyadenosine >
N®-methyladenosine > NECA > cAMP > diadenosine-
diphosphate > 3-deazaadenosine). For an additional char-
acterization we have studied the affinities of adenine
nucleotides. Affinities of between 2.5 uM and 11 pM were
found for the adenine nucleotides studied for both
[PH]cAMP and [*H]adenosine binding sites. Neither
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Fig. 2. Specific binding of [*H]cAMP to purified AdoHcyase. AdoHcyase was incubated with increasing concentrations of [*H]cAMP. Inset: transformation
of the data according to Scatchard. Data were obtained from one experiment consisting of duplicate determinations and are representative of five independent

experiments.

Table 1
Affinities of adenosine analogues for the [*H]cAMP and [*H]adenosine
binding site on AdoHcyase

Ecso PH]cAMP [M]  Ecso [*H]adenosine [M]

Adenosine analogues

Adenosine 65 x 107° 57 x 107°

cAMP 116 x 107° 104 x 1077

Inosine 16 x 107 23 x 107°

2'-Deoxyadenosine 94 x 1077 92 x 107

N®-Methyladenosine 90 x 107° 95 x 107

Diadenosine-diphosphate 139 x 107° 248 x 107°

Adenine 11 x 10°¢ 9 x 107°°

Hypoxanthine >107* >107*
AdoHcyase inhibitors

Aristeromycin 5.6 x 107° 13 x 107¢

Adenosine-2/, 93 x 107° 40 x 107°

3'-dialdehyde

3-Deazaadenosine 1.1 x 107 32%x 107
Adenine nucleotides

ATP 11 x 107 18 x 107

AMP 25 % 107° 5.6 x 107°
Al-receptor agonists,

antagonists

NECA 80 x 107° 81 x 107°

2-Chloroadenosine 7 % 107 5.8 x 107°

Theophylline >107* >107*

DPCPX >107* >107*

The Ecsq values + SEM are given. Each substance is tested in at least 7-9
different concentrations two to three times in duplicate.

[*H]JcAMP nor [*H]adenosine could be displaced by
hypoxanthine, theophylline, or DPCPX.

5.3. Titration of AdoHcyase by cAMP

As previously shown [5], adenosine reduced enzyme
bound NAD™ in a “half-reaction’ to form reduced enzyme
bound NADH that does not complete a catalytic cycle in
the absence of L-homocysteine. The reduced NADH exhi-
bits an absorption maximum at 327 nm [5,20]. The spec-
trophotometric titration of the enzyme with adenosine and
cAMP is shown in Fig. 3. The equilibrium constant calcu-
lated for adenosine was 245 4 18 nM. The enzyme bound
NAD™ was completely transformed into the reduced form
at an adenosine concentration of 10 pM. In contrast, cAMP
was not able to reduce the enzyme bound NAD™.

6. Discussion

It was previously shown that AdoHcyase from bovine
kidney binds [*H]adenosine with a high affinity [3]. In the
present study we analyzed the binding of cAMP to purified
AdoHcyase to compare it with adenosine to the enzyme.

AdoHcyase from bovine kidney exhibits one [*’H]cAMP
binding site. In the saturation experiments we obtained a



D. Kloor et al./Biochemical Pharmacology 64 (2002) 1201-1206 1205

0.020
£ i
£ 0015
N~
N
(3]
8
2 0.010 -
©
o]
-
o
2
@ 0.005
0.000 -
I T T T 1
0 20 60 80 100
compounds (M)

Fig. 3. Titration of AdoHcyase with adenosine and cAMP. The titration of 2.42 uM enzyme with adenosine (@) and cAMP () was monitored
spectrophotometrically with an emission wavelength of 327 nm in 20 mM potassium phosphate pH 7.4 at room temperature to assess the reduction of NAD™
to NADH. Data represent one experiment and are representative of three separate experiments.

high affinity dissociation constant of 23.1 £ 1.1 nM. This
high affinity binding found in the saturation experiment
was further analyzed. The K, value determined from the
rates of association and dissociation was 26.5 nM and is in
good agreement with the K,; value obtained by equilibrium
binding assay. Association and dissociation of [*H]cAMP
were found to be markedly temperature-dependent. At 0°
only 10% of the bound [*H]JcAMP is displaced by an
excess of unlabeled cAMP (1 mM), at 20° after 240 min
a 90% dissociation is reached.

The high affinity dissociation constant found in our
experiment is close to that value of 9 nM reported by
Olsson [12] for an adenine analogue binding protein of
the rabbit erythrocytes. Specific intracellular cAMP bind-
ing proteins, not associated with cAMP-dependent protein
kinase were isolated from different species and organs with
the evidence for two different binding sites for cAMP and
adenosine [22-25]. In these studies, however, no high
affinity binding site for adenosine was described.

Calculated from the B,,,x (116.6 pmol/mg) of cAMP
binding we found a molar ratio of cAMP/AdoHcyase of
0.025/1. In our previous observation we found a molar ratio
of 0.05/1 (adenosine/AdoHcyase) after binding of
[*H]adenosine to the high affinity binding site of AdoH-
cyase [3]. These different ratios do not argue against
the assumption of one binding site for adenosine and
cAMP since adenosine induces the reduction of the tightly
bound NAD" to NADH resulting in a further increase
of high adenosine binding sites [6,16,27]. However,
cAMP does not transform the tightly bound NAD™
to NADH (see Fig. 3). Since only 5% of our purified
AdoHcyase binds [*H]adenosine with this high affinity
we measured the enzyme bound NAD"/NADH fraction
of AdoHcyase. Purified AdoHcyase from bovine kidney

contains approximately 92-94% NAD ™ and 6-8% NADH.
This finding together with the fact that NADH-AdoHcyase
binds adenosine with high affinity and capacity [26,28]
strongly favours the conclusion that [*H]JcAMP and
[*H]adenosine bind with high affinity at an allosteric
and not at the catalytic site of AdoHcyase. The fact that
adenosine and cAMP displace each other with similar aff-
inities and all other purine compounds investigated dis-
place cAMP and adenosine with equal potencies strongly
favors the conclusion that the binding site for nanomolar
concentrations of cAMP and adenosine at the AdoHcyase
appears to be identical.

Since cAMP does not contains a 3’-OH group at the
ribose it is not able to transform the tightly bound NAD™ to
NADH according to the catalytic mechanism of AdoH-
cyase [4,28]. In contrast to adenosine, cAMP can enhance
the activity of AdoHcyase by 30% at 5 uM, while it is
assayed in the direction of hydrolysis [15]. This might
indicate that even at higher concentrations cAMP does not
interact with the catalytic site of AdoHcyase.

With respect to the physiological importance of cAMP
binding site at AdoHcyase one can assume that cAMP at
ambient intracellular concentrations between 200 and
800 nM can compete with adenosine at the high affinity
binding site. This competition would not result in a further
inhibition of the enzyme activity, since cAMP does not
reduce the enzyme bound NAD" to NADH.
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