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Ulrich Quast and Hartmut Osswald
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ABSTRACT. The present investigation was undertaken to determine the effect of various ions on the
characteristics of S-adenosylhomocysteine (SAH) hydrolase from bovine kidney. The binding sites of
[3H]-adenosine to purified SAH hydrolase were not influenced by phosphate, magnesium, potassium, sodium,
chloride or calcium ions at physiological cytosolic concentrations. To test whether NAD1 in the SAH hydrolase
is essential for adenosine binding, we prepared the apoenzyme by removing NAD1 with ammonium sulfate. The
resulting apoenzyme did not exhibit any [3H]-adenosine binding. Since the apoenzyme was enzymatically
inactive, it is suggested that adenosine binds to the active site and not to an allosteric site of the intact enzyme.
The kinetics of the hydrolysis and the synthesis of SAH catalyzed by the enzyme SAH hydrolase were measured
in the presence and absence of phosphate and magnesium. Phosphate increased the Vmax for both synthesis and
hydrolysis. However, only the affinity of adenosine for SAH synthesis was significantly enhanced from 10.1 6
1.3 mM to 5.4 6 0.5 mM by phosphate. This effect was already maximal at a phosphate concentration of 1 mM.
All other tested ions were without effect on the enzyme activity. Our results show that phosphate at
physiological concentrations shifts the thermodynamic equilibrium of SAH hydrolase in the direction of SAH
synthesis. These findings imply that SAH-sensitive transmethylation reactions are inhibited during renal
hypoxia when intracellular levels of phosphate, adenosine, and SAH are elevated. BIOCHEM PHARMACOL 56;11:
1493–1496, 1998. © 1998 Elsevier Science Inc.

KEY WORDS. S-adenosylhomocysteine hydrolase; apoenzyme; intracellular adenosine binding; phosphate;
thermodynamic equilibrium

S-Adenosyl-L-homocysteine hydrolase (EC 3.3.1.1) cata-
lyzes the reversible hydrolysis of SAH† to adenosine and
homocysteine [1]. It plays a central role in the regulation of
the tissue level of SAH [2–4] and may indirectly influence
biological methylation reactions such as capping of mRNA
[5] via intracellular SAH accumulation. Since inhibitors of
SAH hydrolase have been shown to have antiviral proper-
ties [6, 7], it appears desirable to study basic adenosine SAH
hydrolase interactions in more detail in order to develop
antiviral drugs that inhibit SAH hydrolase. In addition,
topically applied adenosine has been found to exhibit
antiherperic actions [8].

The equilibrium of the reaction favors the synthesis of
SAH with a Keq of 1026 M [1]. However, hydrolysis of SAH
to adenosine and L-homocysteine prevails under physiolog-
ical conditions because both reaction products are removed

rapidly, adenosine by adenosine kinase or adenosine deami-
nase and L-homocysteine by methionine synthase or cysta-
thionine b-synthase [1]. As an adenosine binding protein
[9], SAH hydrolase also regulates intracellular free adeno-
sine concentration. SAH hydrolase contains tightly bound
NAD1, 4 moles of NAD1/mol of enzyme, in agreement
with the number of active sites. Palmer and Abeles [10]
have proposed a mechanism of action of the hydrolase in
which oxidation-reduction of the enzyme-bound NAD1

plays an integral part in the catalytic pathway.
As recently shown [11], purified SAH hydrolase from

bovine kidney exhibits three [3H]-adenosine binding sites
which have different affinities. Binding experiments with
3H-adenosine demonstrate that approximately two moles of
adenosine bind to one mole of SAH hydrolase. From this
binding, a fraction of 20–25% of adenosine is tightly bound
to SAH hydrolase. In the present study, we examined the
interference of various ions on the adenosine binding and
enzyme activity of purified SAH hydrolase from bovine
kidney. To gain further insight into the mode of binding of
adenosine to the enzyme-protein, we prepared the apoen-
zyme and examined its interaction with NAD1.
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Tel. 07071-2974941; FAX 07071-294942; E-mail: doris.kloor@uni-tuebin-
gen.de

† Abbreviation: SAH, S-adenosylhomocysteine.
Received 26 February 1998; accepted 9 July 1998.

Biochemical Pharmacology, Vol. 56, pp. 1493–1496, 1998. ISSN 0006-2952/98/$19.00 1 0.00
© 1998 Elsevier Science Inc. All rights reserved. PII S0006-2952(98)00250-0



MATERIALS AND METHODS
Materials

The following materials were purchased from the sources
indicated: [2,8,59-3H]-adenosine (2.3 TBq/mmol) NEN;
adenosine and S-adenosylhomocysteine, Boehringer Mann-
heim; choline chloride, Boehringer Ingelheim; sodium
tetrathionate dihydrate and KNO3, Fluka. All other chem-
icals were obtained from Merck.

Enzyme Purification

SAH hydrolase was purified from bovine kidney using
chromatographical techniques as described previously [11].
The purified enzyme was frozen at 220° until use.

Binding Assay Procedure

Binding experiments were performed in a final volume of
300 mL 20 mM Tris/40 mM Hepes buffer, pH 7.4 with a
concentration of SAH hydrolase of 10 mg/mL, fixed con-
centrations of [3H]-adenosine (25 nM) and various concen-
trations (0–175 mM) of phosphate, magnesium, potassium,
sodium, chloride, and calcium in Tris/Hepes buffer, pH 7.4.
After incubation (4 hr at 20°), samples were filtered, and
the radioactivity adsorbed on the filters was determined by
liquid scintillation counting.

Preparation of Apo-SAH Hydrolase

The apoenzyme of SAH hydrolase was prepared at saturated
ammonium sulfate concentrations as described by Gomi et
al. [12]. The protein was dissolved in 20 mM Tris/40 mM
Hepes buffer, pH 7.4 and desalted over dialysis.

Enzymatic Activity of SAH Hydrolase

The enzyme activity was assayed in both the hydrolytic and
synthetic reactions of SAH.

Spectrophotometric Titration of the Enzyme

Reduction of the SAH hydrolase-bound NAD1 by adeno-
sine causes an increase in the absorbance at 327 nm [11,
13]. The enzyme (0.45 mg/mL) was titrated with adenosine
in 20 mM of potassium phosphate, pH 7.4 and in 20 mM of
Tris/Hepes, pH 7.4 at room temperature. The titration data
were fitted using the following equation with the assump-
tion that the stoichiometry for adenosine binding was
1/subunit,

A 5 e z ES (1)

where A is the absorbance induced by the enzyme–ade-
nosine complex, e is the molar absorbance coefficient, and
ES is the SAH hydrolase–adenosine complex. Substituting
ES by free and bound adenosine and free enzyme and
enzyme–adenosine complex, respectively, yielded

A 5 eFSt 1 Et 1 Kap

2
2 ÎSSt 1 Et 1 Kap

2 D 2

2 EtStG
(2)

which was used to fit the titration data. St is the concen-
tration of bound and free adenosine, Et is the concentration
of enzyme–adenosine complex and free enzyme, and Kap is
the dissociation constant of the enzyme–adenosine com-
plex.

Data Calculation and Statistics

Student’s t-test for unpaired values was used to determine
the levels of significance. The data were analyzed using
nonlinear regression analysis. The run test was used to
determine the correctness of the data fit to a given curve.
The F test was applied to compare curve fitting for a one
versus two or more receptor site model, and P values of
,0.05 were considered significant.

RESULTS
Binding Characteristics

To determine the influence of ions on [3H]-adenosine
binding to purified SAH hydrolase from bovine kidney,
competition studies were performed. Phosphate, magne-
sium, chloride, and potassium ions were without effect on
[3H]-adenosine binding, whereas CaCl2 was found to affect
[3H]-adenosine binding with an EC50 of 75 mM. Sodium
reduced the specific [3H]-adenosine binding by 50% with
an EC50 of 45 mM.

Kinetic Parameters of the Enzyme Catalysis

The enzyme activity exhibited in the hydrolytic direction,
in Tris/Hepes buffer, a Michaelis–Menten kinetic with a
Km of 12.5 mM for SAH and a Vmax of 0.28 mmol/min/mg.
In the direction of synthesis, the SAH hydrolase activity
was characterized by a Km of 10.1 mM for adenosine and a
Vmax of 0.57 mmol/min/mg under the same buffer condi-
tions. Pi stimulated the initial velocity of the reaction of
both the hydrolytic and synthetic directions. The catalytic
activity of the enzyme increased in the presence of phos-
phate in the hydrolytic and synthetic direction by about
30–36% (Table 1). In the direction of synthesis, the
catalytic activity of the enzyme was already maximal at a
phosphate concentration of 1 mM, whereas in the hydro-
lytic direction 1 mM of phosphate did not increase the
enzyme activity. However, in the presence of phosphate,
the Km for synthesis was reduced by about the factor 2 from
10.1 to 5.4 mM, while the Km for the hydrolysis was not
affected.

The other divalent cations, magnesium and calcium as
well as the monovalent anion chloride and the cations
sodium and potassium showed no significant effect on the
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catalytic activity, either in the synthetic or in the hydro-
lytic direction.

Kinetics of the Apo-SAH hydrolase

The acid ammonium sulfate precipitation removed the
NAD1 from the covalent binding of SAH hydrolase and
led to the apoenzyme and NAD1. A gel filtration was
performed to demonstrate that the apoenzyme retained its
tetrameric structure. The apoenzyme showed no [3H]-
adenosine binding and no enzyme activity.

Titration of SAH hydrolase by Adenosine

Adenosine reduced enzyme-bound NAD1 in a “half-reac-
tion” to form reduced enzyme-bound NADH that does not
complete a catalytic cycle in the absence of L-homocys-
teine. The reduced NADH exhibits an absorption maxi-
mum at 327 nm [13]. The spectrophotometric titration of
the enzyme with adenosine is shown in Fig. 1. From these
data, one can calculate the equilibrium constant of adeno-
sine with SAH hydrolase and its molar ratio. The titration

data fitted to equation 2 gave an equilibrium constant of
adenosine of 240 6 20 nM in phosphate buffer and 960 6
40 nM in Tris/Hepes, respectively. The molar absorbance
coefficient for the enzyme-bound NADH calculated from
both titration curves was 2.512 M21 cm21.

The intersection of the initial slope at low concentra-
tions with the asymptote at saturating concentrations of
adenosine corresponded to 3.8 mol of adenosine added per
1 mol SAH hydrolase in 20 mM of potassium phosphate.
Under these buffer conditions, 4 NAD1 per mol SAH
hydrolase was transformed into the reduced form. In the
absence of phosphate, only 78% of the enzyme-bound
NAD1 was transformed into the reduced form.

DISCUSSION

SAH hydrolase from bovine kidney binds [3H]-adenosine
with a high affinity. In the present study, we wanted to
further analyze the nature of this binding. Of the ions
investigated, only sodium and calcium showed an effect on
[3H]-adenosine binding. Since SAH hydrolase is an intra-
cellular enzyme and since the inhibiting concentrations of
these ions are above physiological cytosolic concentrations,
it is unlikely that the effect of both ions presents a
physiologically important finding. However, during hyp-
oxia of the cells, sodium can increase up to inhibitory
concentrations (50 mM).

Phosphate stimulated the enzyme activity in both direc-
tions by about 30%. Whereas in the direction of hydrolysis
the Michaelis–Menten constant was not affected, in the
direction of hydrolysis the Km was reduced by the factor 2
(Table 1), indicating that the synthesis is favored in
phosphate buffer. With the spectrophotometric assay (re-
duction of NAD1 to NADH), we found, in the presence of
phosphate, a molar ratio of adenosine/SAH hydrolase of 4:1
(Fig. 1), which is in good agreement with the findings
reported by Palmer and Abeles [10] and Fujioka and Takata
[14]. The fact that the apoenzyme did not bind [3H]-
adenosine shows that NAD1/NADH is directly involved in
the binding mechanism. This finding together with the fact
of single-site binding isotherms [11] strongly favors the
conclusion that adenosine binds at the active site of the
enzyme and not at an allosteric site. In the absence of
phosphate (Tris/Hepes buffer), the molar ratio of adeno-

TABLE 1. Effect of phosphate on Km and Vmax of the purified SAH hydrolase

Tris/Hepes pH 7.5 Phosphate pH 7.4

Km
(mM)

Vmax
(mmol min21 mg21)

Km
(mM)

Vmax
(mmol min21 mg21)

Synthesis 10.1 6 1.3 0.57 6 0.02 5.4* 6 0.4 0.82* 6 0.08
Hydrolysis 12.5 6 1.1 0.28 6 0.03 10.3 6 1.0 0.37 6 0.04

In the direction of SAH hydrolysis, the decrease in SAH concentration (1–100 mM) was measured photometrically at 265 nm with SAH hydrolase (20 mg/mL) and adenosine
deaminase (2U/mL). In the direction of SAH synthesis, adenosine (0.5–200 mM), L-homocysteine (500 mM) and SAH hydrolase (20 mg/mL) were incubated at 20°. After stopping
the reaction with 50 mL 0.6 N perchloric acid and centrifugation, SAH concentration was determined in 50 mL of supernatant by HPLC. Values are means of four experiments 6
SEM.

* P , 0.05 for comparison between Tris/Hepes and phosphate buffer.

FIG. 1. Titration of SAH hydrolase with adenosine. The titra-
tion of 2.36 mM enzyme with adenosine was monitored spec-
trophotometrically with an emission wavelength of 327 nm in
20 mM of potassium phosphate (F) (pH 7.4) and in 20 mM of
Tris/Hepes (■) (pH 7.4) at room temperature, respectively.
Values represent means 6 SEM (N 5 3).
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sine/SAH hydrolase was found to be 3:1. This might
indicate that phosphate can facilitate the efficiency of
conversion of NAD1 to NADH by adenosine.

From the phosphate effect on the SAH synthesis rate, it
can be predicted that increasing free phosphate concentra-
tions in the cytosol above physiological levels of 0.6 mM
[15] would lead to elevated cytosolic SAH concentrations.
Simultaneous increases in intracellular adenosine concen-
trations as seen in hypoxic tissue would strongly favor an
enhanced SAH synthesis rate. Indeed, we found a 10-to-
20-fold increase in SAH tissue content parallel to adeno-
sine accumulation after short periods of renal ischemia
(0.5–10 min) when the ATP hydrolysis rate prevails over
the ATP synthesis rate [16, 17]. It can be assumed that
during renal hypoxia SAH-sensitive transmethylation reac-
tions are inhibited. It is interesting to note that SAH
hydrolase inhibitors which increase the intracellular SAH
concentration have been shown to possess strong antiviral
activity [18, 19].

In summary, our data show: (1) adenosine binds to the
active site of the enzyme; (2) phosphate facilitates ade-
nosine-mediated conversion of NAD1 to NADH; and (3)
phosphate at cytosolic concentrations shifts the thermody-
namical equilibrium further in the direction of synthesis.
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