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ABSTRACT

9-/?-D-Arabinofuranosyladenine (ara-A) inactivates isolated
S-adenosyl-L-homocysteine (AdoHcy) hydrolase (EC 3.3.1.1)

as well as AdoHcy hydrolase in intact cells. Whereas the
inactivation in cell-free systems is an irreversible process, the
AdoHcy hydrolase activity in rat hepatocytes exposed to ara-A
gradually recovered upon prolonged incubation of the cells in
a medium devoid of ara-A. This process, tentatively termed
reactivation of the enzyme, was nearly totally dependent on a
high level of adenosine deaminase in the extracellular medium,
which induced a decrease in intracellular content of adenosine
as well as ara-A. Reactivation of intracellular enzyme was
inhibited by adenosine deaminase inhibitors [2'-deoxycofor-

mycin and eryihro-9-(2-hydroxy-3-nonyl)adenine] and the syn
thetic substrate for AdoHcy hydrolase, 3-deazaadenosine. An
inhibitor of protein synthesis (cycloheximide) was without ef
fect. Homocysteine, which protected the intracellular AdoHcy
hydrolase against inactivation by ara-A, induced no reactivation
of the enzyme. The half-life of the intracellular ara-A-AdoHcy

hydrolase complex was about 90 min and was not affected by
adenosine deaminase, 3-deazaadenosine, or homocysteine

added to the cell suspension. However, the rate of elimination
of the complex in the hepatocytes exceeded the rate of reac
tivation of AdoHcy hydrolase. Thus, the elimination process
accounted for the reactivation, but no correlation between
these two processes was observed. Reactivation of Â¡ntracellular
AdoHcy hydrolase caused a pronounced fall in cellular content
of AdoHcy. The possibility that reduced cellular level of AdoHcy
induced the reactivation of AdoHcy hydrolase seemed unlikely.
This statement was based on the observation that reactivation
was observed also under conditions of high concentrations of
AdoHcy (obtained by the addition of homocysteine to the cell
suspension). Reactivation of AdoHcy hydrolase with a concom
itant decrease in cellular level of AdoHcy could also be dem
onstrated with mouse plasmacytoma (MPC-11) cells and
mouse fibroblasts (L-929) exposed to ara-A, but the reactiva

tion process was far less pronounced than with hepatocytes.

INTRODUCTION

The antibiotic, ara-A,3 an antiviral and antitumor agent (4),

irreversibly inactivates isolated AdoHcy hydrolase (10), the
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enzyme responsible for the metabolic degradation of the en
dogenous transmethylase inhibitor, AdoHcy (3). The kinetics
of the inactivation process suggest that ara-A is an active site-
directed agent (5, 7, 10). ara-A also inactivates AdoHcy hydro
lase in intact cells (9, 11), leading to a massive buildup of
AdoHcy (9, 25) and inhibition of cellular methylation." These

data are in favor of the hypothesis (19) that some effects of
ara-A stem from blocking the degradation of AdoHcy.

Whereas the inactivation of isolated AdoHcy hydrolase by
ara-A is an irreversible process, the enzyme activity in intact
cells gradually recovers. This process is greatly enhanced
when the extracellular medium contains high levels of adeno
sine deaminase. Data are presented suggesting that the inac
tive ara-A-enzyme complex is reactivated in intact cells.

MATERIALS AND METHODS

Chemicals. AdoHcy, DL-homocysteine, adenosine, inosine, HEPES,
collagenase (type I), albumin (Fraction V), ara-A, and cycloheximide
were from Sigma Chemical Co., St. Louis, Mo. eryfhro-9-(2-hydroxy-3-

nonyOadenine and dCF were gifts from Burroughs Wellcome Co.,
Research Triangle Park, N. C., and from the Developmental Therapeu
tics Program, Chemotherapy, National Cancer Institute, Bethesda, Md.,
respectively. [8-'"C]Adenosine (590 mCi/mmol) and [2,8-3H]ara-A (22

Ci/mmol) were obtained from the Radiochemical Centre, Amersham,
England. [8-MC]AdoHcy (590 mCi/mmol) was synthesized enzymati-
cally from [8-MC]adenosine and purified as described elsewhere (23).

AdoHcy hydrolase was purified to apparent homogeneity from mouse
liver according to a published procedure (21).

Assay for AdoHcy Synthase and Hydrolase Activities. This was
performed by a radiochemical method described elsewhere (23). The
assay mixture used for measurement of the synthetic reaction con
tained 50 or 200 Â¡M[8-1;<C]adenosine and 3 rnw DL-homocysteine.

The hydrolysis of AdoHcy was determined in the presence of 50 /Ã•M
[8-14C]AdoHcy and adenosine deaminase (50 units/ml). The assay

buffer was 80 HIM potassium phosphate, pH 7.0, containing 80 mM
KCI, 0.2% bovine serum albumin, and 10 mw 2-mercaptoethanol. The
temperature was 37Â°.

Preparation of Isolated Rat Hepatocytes. Hepatocytes were pre
pared by a slight modification (17) of the collagenase perfusion method
described by Berry and Friend (2). Cell viability (1 7) was higher than
95% at the start of the experiments.

Cell Lines and Culture Conditions. Mouse plasmacytoma (MPC-11 )
cells and mouse fibroblasts (L-929) were grown in suspension culture

under conditions described previously (9).
Incubation Conditions. The isolated rat hepatocytes and the cul

tured cells were incubated in the same medium, consisting of HEPES
buffer, pH 7.4, salts, bovine serum albumin, glucose, and antibiotics,
as described in detail in a previous publication (9).

Extraction of AdoHcy Hydrolase from Intact Cells. Cells were
incubated with ara-A or other effectors and were separated from the

medium by centrifugation of aliquots of 200 Â¡i\through oil (9). The cell

4 J-S. Schanche and T. Benanche, unpublished results.
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pellets were immediately homogenized in (200 fil) Â¡ce-cold 80 mM

potassium phosphate buffer, pH 7.0, containing 20% glycerol, 2 mw
dithiothreitol, 3 mw DL-homocysteine, and 0.5% Triton X-100. The

suitability of this buffer for the extraction of AdoHcy hydrolase from
intact cells has been documented (9).

Determination of Cellular Content of AdoHcy. Samples (1 ml) from
the cell suspension were centrifuged, the cell pellets were extracted
with 5% sulfosalicylic acid, and the high-speed supernatant of the

extract was analyzed by HPLC on a Partisi! 10 SCX column, essentially
as described (9). The ammonium phosphate buffer was replaced by 50
rriM ammonium formate, pH 4.0, because this volatile buffer caused no
precipitation of salt at the piston seals and other junctions of the solvent
delivery system.

AdoHcy was also determined by reverse-phase liquid chromatogra-
phy on a 3-fim octadecyl silane Hypersil column (0.5 x 10 cm) packed

by Dr. Solheim, using a Shandon column packer. The cellular extract
was neutralized (to pH 7.5) with 2 N Tris, and the mobile phase was
7.7% methanol in 9 mM potassium phosphate buffer, pH 6.0, and the
flow rate was 1 ml/min.

Determination of Cellular Content of Adenosine and ara-A. This
was performed by reverse-phase liquid chromatography, using the

same column and mobile phase as described above, except that in
some instances the concentration of methanol was reduced to 5 to 6%.

Determination of the Half-Life of the Intracellular ara-A-Enzyme
Complex. Rat hepatocytes (4.4 x 106 cells/ml) were incubated for 30
min with 0.5 /JM [3H]ara-A (22 Ci/mmol) and then for 5 min with 150

Â¿IMunlabeled ara-A (to block the remaining sites of AdoHcy hydrolase).
Cells so treated were washed in an ara-A-free medium and resus-

pended in a medium containing adenosine deaminase, homocysteine
(3 mw), 3-deazaadenosine (50 /IM), or no addition. At various time

points, samples (250 /nl) from the cell suspension were centrifuged
through oil (9), and the cell pellets were homogenized in 75 fi\ ice-cold
buffer (15 mM HEPES, pH 7.0, supplemented with 0.5% Triton X-100
and 10 mM 2-mercaptoethanol) containing 10 mM adenosine, to pre
vent binding of ara-A after cellular disrupture. The high-speed super

natant from the cellular extract (40 /il) was subjected to HPLC on a
protein column (I-250; Waters Associates, Inc., Milford, Mass.), as

described previously (9).

RESULTS

ara-A-induced Accumulation of AdoHcy in the Absence

and Presence of dCF. The adenosine deaminase inhibitor (6)
dCF did not enhance the rate and extent of inactivation of
intracellular AdoHcy hydrolase in rat hepatocytes (9). The
accumulation of AdoHcy in hepatocytes exposed to ara-A plus

dCF increased progressively for at least 3 hr. In the absence of
dCF, the AdoHcy accumulation induced by ara-A was less

pronounced. The cellular content of AdoHcy reached a plateau
after about 1 hr and then declined (Chart 1/4).

Reactivation of AdoHcy Hydrolase in Rat Hepatocytes.
When hepatocytes were exposed to ara-A without dCF, the

inactivation of Â¡ntracellular AdoHcy hydrolase was followed by
a slight progressive increase in enzyme activity. This process,
tentatively termed reactivation of AdoHcy hydrolase, was en
hanced greatly by supplementing the extracellular medium with
a high level of adenosine deaminase and was associated with
a pronounced fall in the cellular content of AdoHcy (Chart 1ÃŸ).
The velocity of the reactivation process increased in a dose-

dependent manner as a function of extracellular adenosine
deaminase activity (Chart 2A). The same results were obtained
when the enzyme activity was determined in the synthetic and
hydrolytic direction (data not shown).

To investigate whether the increase in AdoHcy hydrolase
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Chart 1. AdoHcy hydrolase activity and accumulation of AdoHcy in rat hepa
tocytes exposed to ara-A. In A, rat hepatocytes (4.3 x 106 cells/ml) were

incubated with 100 /IM ara-A in the absence (â€¢,â€¢)and presence (O, O) of 1 /IM
dCF. The cells exposed to dCF were preincubated with this compound for 30
min before the addition of ara-A. The cellular content of AdoHcy (â€¢,O) and
AdoHcy hydrolase activity (assayed in the synthetic direction) (â€¢,D) are plotted
versus time of incubation with ara-A. In ÃŸ,hepatocytes (4.5 x 10s cells/ml) were

incubated in the presence of 100/iM ara-A. After 30 min of incubation, a portion
of the cell suspension was made 16 units/ml in adenosine deaminase (ADA)
(arrow). AdoHcy hydrolase activity (A, A) and cellular content of AdoHcy (â€¢,O)
in the absence (â€¢,A) and presence (O, A) of extracellular adenosine deaminase
are plotted versus time of incubation.

activity was an artifact related to consumption of inhibitor(s) of
AdoHcy hydrolase, the following experiment was conducted.
The recovery of purified AdoHcy hydrolase added to the ex
traction buffer in which the hepatocytes were homogenized
was determined at various time points after the addition of
adenosine deaminase to the cell suspension. The amount of
exogenous AdoHcy hydrolase recovered was high (about 70%)
and independent of the duration of cellular treatment with
adenosine deaminase (Chart 2A).

Reactivation of AdoHcy hydrolase in rat hepatocytes could
be demonstrated under conditions of high levels of cellular
AdoHcy by adding homocysteine (3 mmol/liter) to the cell
suspension at the time of addition of adenosine deaminase
(i.e., after 30 min of cellular exposure to ara-A). The experi

mental design was otherwise as described in the legend to
Chart 1ÃŸ.Under these conditions, the rate of reactivation was
reduced by about 20% (Chart 2B), and the AdoHcy content of
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Chart 2. Factors affecting the reactivation of intracellular AdoHcy hydrolase.
In A, rat hepatocytes (4.3 x 106 cells/ml) were preincubated with 100 Â¡tuara-A

for 30 min, and then adenosine deaminase (ADA) was added to the cell suspen
sion (arrow). The concentration of extracellular adenosine deaminase varied from
0 to 16 units/ml (â€¢).In a parallel experiment, the ara-A-treated cells were made
16 units/ml in adenosine deaminase, and the cell pellets were homogenized in
an extraction buffer supplemented with purified AdoHcy hydrolase (3 /ig/ml)
(O). , recovery of exogenous AdoHcy hydrolase. In B. the increase in
AdoHcy hydrolase activity induced by extracellular adenosine deaminase (16
units/ml) was determined in the presence of 3 HIM DL-homocysteine (Hey) (â€¢).
50 /ÃŒM3-deazaadenosine (c3Ado) (T), 1 /IM dCF (A), or no addition (â€¢).These

compounds were added to the cell suspension together with adenosine deami
nase. The experimental design was otherwise as described in A.

hepatocytes increased from 80 to 1800 pmol/106 cells (30

min after the addition of ara-A to the cell suspension), 4800
pmol/106 cells (90 min), and 2100 pmol/106 cells (3 hr).

These data suggest that reactivation of the enzyme is not
induced by low cellular level of AdoHcy but points to the
increase in AdoHcy hydrolase activity as the primary event.

Repetitive additions of homocysteine (3 mmol/liter) at inter
vals of 1 hr to rat hepatocytes induced a continuous high level
of AdoHcy (about 3900 pmol/106 cells) in these cells. When

ara-A (100 P.M)was added to hepatocytes so treated, AdoHcy

hydrolase activity was only moderately reduced (to about 50%)
after 4 hr of incubation. Thus, the inactivation of AdoHcy
hydrolase by ara-A was in this way essentially inhibited. Treat
ment of hepatocytes with ara-A (100 UM) for 30 min reduced

the AdoHcy hydrolase activity to 2 to 3% (9). Reactivation of
the enzyme in these cells was not obtained by repetitive addi
tions (3 mmol/liter at intervals of 1 hr) of homocysteine, al
though a continuous massive accumulation of AdoHcy (up to
13,000 pmol/106 cells) was observed (data not shown). Wash

ing the hepatocytes in an ara-A-free medium did not effect a

marked increase in the rate of reactivation of AdoHcy hydrolase
(data not shown).

Treatment of rat hepatocytes not exposed to ara-A with

either homocysteine or adenosine deaminase did not alter the
AdoHcy hydrolase activity (data not shown).

Effect of Adenosine Deaminase Inhibitors, Inosine, 3-Dea-
zaadenosine, and Cycloheximide. The reactivation of inacti
vated AdoHcy hydrolase induced by extracellular adenosine
deaminase was inhibited by the inclusion of dCF (1 Â¿IM)(Chart

2B) or eryf/?ro-9-{2-hydroxy-3-nonyl)adenine (10 (IM) in the cell

suspension. The reactivation process was also arrested when
dCF was added to hepatocytes (exposed to ara-A) 1 hr after
the reactivation was initiated by addition of adenosine deami
nase (Chart 3). These data suggest that the effect of extracel
lular adenosine deaminase is related to the catalytic activity of
the enzyme and is not mediated by contaminants in the enzyme
preparation. Furthermore, a continuous high level of extracel
lular adenosine deaminase is required for maintenance of the
reactivation process. The effect of adenosine deaminase is not
related to the production of inosine, because inosine (100 /Ã•M)
induced no reactivation of inactivated AdoHcy hydrolase in rat
hepatocytes (data not shown).

Incubation of hepatocytes with 3-deazaadenosine (50 /JM)

for up to 3 hr did not affect the AdoHcy hydrolase activity of
these cells. 3-Deazaadenosine (50 /Â¿M)nearly completely in

hibited the reactivation of AdoHcy hydrolase when added to
the cell suspension together with adenosine deaminase (Chart
2A). Cycloheximide (100 /ig/ml), an inhibitor of protein synthe
sis (24), had no effect on the reactivation process (data not
shown).

Test for Reactivation with Broken-Cell Preparation. Hepa
tocytes (5 x 106 cells/ml; 2 ml) were incubated for 30 min

with 100 /iM ara-A. The cells were then pelleted and resus-
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Chart 3. The relation between reactivation of AdoHcy hydrolase and cellular
content of adenosine and ara-A. Rat hepatocytes (4.4 x 106 cells/ml) were
incubated with 100 IMI of ara-A. After 30 min of incubation, adenosine deaminase
(ADA) (16 units/ml) was added to the cell suspension (arrow), and after 90 min,
one portion of the cell suspension was made 1 JIM in dCF (arrow). A, AdoHcy
hydrolase activity of hepatocytes treated with ara-A and adenosine deaminase
O and the enzyme activity of cells exposed to ara-A, adenosine deaminase, and
then dCF (â€¢).B, corresponding values for the amounts of ara-A and adenosine
associated with the cells. â€¢,A, ara-A or adenosine content in cells supplemented
with dCF at 90 min; O, A, amounts in cells not exposed to dCF.
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pended (0.5 ml) in a hypotonie medium (30 HIM potassium
phosphate, pH 7.4, containing 2 mw dithiothreitol). AdoHcy
hydrolase in crude homogenate from hepatocytes (not exposed
to ara-A) was stable in this medium and lost only about 20% of
the activity after 3 hr of incubation at 37Â°. The cells treated

with ara-A were broken by freezing and thawing, after which
the broken-cell preparation was made 4 units/ml in adenosine

deaminase and incubated for increasing periods of time (0,
0.5, 1, 2, and 3 hr) at 37Â°. Aliquots (50 Â¿Â¿I)were assayed for

AdoHcy synthase activity (in the presence of 50 pM dCF). No
reactivation of AdoHcy hydrolase could be demonstrated (data
not shown).

Cellular Content of Adenosine and ara-A. Treatment of
hepatocytes with adenosine deaminase reduced the amount of
adenosine associated with the cells from about 30 pmol/106
cells (the amount varied in the range of 20 to 80 pmol/106

cells from one cell preparation to another) to about 12 pmol/
106 cells within 5 min. No further reduction in cellular adenosine

content was observed (data not shown). The amount of intra-
cellular ara-A may be difficult to determine in cells suspended
in a medium containing high concentrations of ara-A because
of interference from ara-A in the adherent extracellular water.
This problem is avoided by measurement of ara-A associated

with cells treated with adenosine deaminase, i.e., under con
ditions favoring reactivation of AdoHcy hydrolase. Addition of
dCF to hepatocytes during the reactivation process induced by
extracellular adenosine deaminase increased the cellular con
tent of both ara-A and adenosine 3- to 4-fold (Chart 3).

The amount of adenosine in the extracellular medium was
less than 0.5 JUMfor hepatocytes not exposed to adenosine
deaminase and was reduced to below the detection limit (0.1
JUM)when the hepatocytes were treated with adenosine deam
inase. Thus, adenosine in adherent extracellular medium does
not account for adenosine associated with the hepatocytes.

Inactivation of Reactivated AdoHcy Hydrolase in Rat Hep
atocytes. Rat hepatocytes exposed to ara-A (100 /Â¿M)for 30
min were treated with adenosine deaminase for 3 hr to reacti
vate AdoHcy hydrolase. At this time point, the cell suspension
was made 1 /Â¿Min dCF and incubated for a further 10 min (to
inhibit adenosine deaminase). The rate of inactivation of reac
tivated AdoHcy hydrolase in these cells (rate constant of 0.71
min"1) by 100 /Â¿Mara-A was the same as the rate of inactivation

of the enzyme in nontreated cells (9) (data not shown).
Half-Life of the Intracellular ara-A-AdoHcy Hydrolase Com

plex. The amount of the ara-A-AdoHcy hydrolase complex in
hepatocytes and the half-life of the complex were determined
by subjecting extract from hepatocytes to gel filtration on a
HPLC protein column (Chart 4). Measurement of the AdoHcy
synthase activity in the fractions (of extract from cells not
treated with ara-A) showed that the enzyme activity coeluted
with the ara-A-binding activity (data not shown). The half-life of

the intracellular complex was about 90 min (Chart 4) and was
not affected by extracellular adenosine deaminase (16 units/
ml), the addition of 3-deazaadenosine (50 JIM), or repetitive
additions of homocysteine (3 mmol/liter each hr) to the cell
suspension. 3-Deazaadenosine and its metabolite, S-3-deaza-

adenosylhomocysteine, as well as a high level of AdoHcy
induced by homocysteine, interact with the catalytic site of
AdoHcy hydrolase (3) and thereby may block the binding of
ara-A to the enzyme. Thus, lack of effect of homocysteine and
3-deazaadenosine suggests no rebinding of ara-A to reacti-
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Chart 4. Half-life of the intracellular ara-A-AdoHcy hydrolase complex. The
half-life of the ara-A-enzyme complex was determined by subjecting cytosol from
hepatocytes (4.5 x 106 cells/ml) exposed to [3H]ara-A to chromatography on a
HPLC protein column as described in "Materials and Methods." Samples from

the cells suspension were analyzed at O min (O). 90 min (â€¢),and 3 hr (D) after
the cells were resuspended in a ara-A-free medium. The radioactive peak eluting
between Fractions 35 and 39 coeluted exactly with purified AdoHcy hydrolase
(retention time. 10.94 min) (9). Inset, area under the peaks plotted versus time
of incubation.

vated AdoHcy hydrolase under the conditions of the experiment
(i.e., in the absence of extracellular ara-A). Only trace amounts
of the ara-A-enzyme complex were detected in the extracellular

medium, suggesting that the decrease in cellular content of the
complex is not a result of cellular leakage. This suggestion is
in accordance with the finding that AdoHcy hydrolase activity
of rat hepatocytes (not exposed to ara-A) decreased only
slightly (less than 20%) after prolonged (4 hr) incubation.

Reactivation of AdoHcy Hydrolase in Mouse Fibroblasts
(L-929) and Mouse Plasmacytoma (MPC-11 ) Cells. AdoHcy
hydrolase in L-929 cells and MPC-11 cells was inactivated by
ara-A (100 fiM). After 30 min, the cell suspensions were sup

plemented with adenosine deaminase (16 units/ml). AdoHcy
hydrolase activity increased by 30 to 200% in these cultured
cells after 3.5 hr of incubation with adenosine deaminase. The
slight reactivation of the enzyme activity in these cultured cells
was associated with a slight reduction in cellular content of
AdoHcy, relative to the AdoHcy content in cells not exposed to
adenosine deaminase (Chart 5). Thus, reactivation of AdoHcy
hydrolase could be demonstrated with both L-929 cells and
MPC-11 cells, but this process was far less pronounced than

in rat hepatocytes under the conditions of the experiments.

DISCUSSION

The possibility existed that the increase in AdoHcy hydrolase
activity in cells induced by adenosine deaminase in the extra
cellular medium is an artifact related to inhibition or inactivation
of the enzyme during or after homogenization. This possibility
is excluded on the basis of the following observations. The
buffer used for the extraction of AdoHcy hydrolase ensures
essentially no inactivation of the enzyme after cellular lysis (9).
The recovery of purified AdoHcy hydrolase added to the ex
traction buffer was high and independent of the time of cellular
exposure to adenosine deaminase (Chart 2A). Furthermore,
the same results were obtained when AdoHcy hydrolase activ
ity was determined in the hydrolytic and synthetic direction.
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Chart 5. Reactivation of AdoHcy hydrolase and cellular content of AdoHcy in
MPC-11 cells and L-929 cells. MPC-11 cells (6.1 X 106 cells/ml) and L-929
cells (5.9 x 106 cells/ml) were incubated with 100 /Â¿Mara-A. After 30 min of

incubation, a portion of the cell suspensions was made 16 units/ml in adenosine
deaminase (arrow). AdoHcy hydrolase activity (assayed in the synthetic direction)
â€¢D) and cellular content of AdoHcy (â€¢,O) in the absence (â€¢,â€¢)and presence

(D, O) of adenosine deaminase are plotted versus time of incubation, inset, replot
of the data for the enzyme activity in L929 cells. The same symbols are used as
above.

The synthesis of AdoHcy, which is assayed in the presence of
dCF, is insensitive to adenosine deaminase in the assay mix
ture. On the other hand, hydrolysis of AdoHcy in the presence
of excess adenosine deaminase is not influenced by the pres
ence of substrates of this enzyme. Finally, the increase in
AdoHcy hydrolase activity is associated with a decrease in
cellular content of AdoHcy (Chart 16), indicating that the
reactivation process is an intracellular event.

At least 3 possibilities exist as to the nature of the reappear
ance of AdoHcy hydrolase in cells exposed to ara-A: (a) intra
cellular synthesis of AdoHcy hydrolase; (o) unmasking of
AdoHcy hydrolase activity; and (c) reactivation of the inactive
ara-A-enzyme complex.

An inhibitor of protein synthesis, cycloheximide, did not
block the increase in enzyme activity induced by extracellular
adenosine deaminase. This observation argues against synthe
sis of enzyme. The possibility that increase in AdoHcy hydro
lase activity was related to unmasking of AdoHcy hydrolase
was considered in the light of the fact that the enzyme may
form an inactive complex with adenosine, AdoHcy (13, 22),

and possibly other metabolites. The possibility existed that
lowering the cellular content of adenosine leads to formation of
active enzyme from an inactive adenosine-enzyme complex. If

this was the case, one would expect to observe an increase in
AdoHcy hydrolase activity in hepatocytes not exposed to ara-

A upon treatment with adenosine deaminase. No unmasking of
AdoHcy hydrolase was observed with these cells. Thus, based
on the observations listed above, it is concluded that ara-A-

AdoHcy hydrolase complex is reactivated in the intact rat
hepatocytes.

The concept of reactivation of inactivated AdoHcy hydrolase
is supported by the observation that the ara-A-enzyme complex
shows a half-life in hepatocytes (rate constant of 0.4 hr~')

which may account for the increase in enzyme activity [about
20% of the enzyme activity is reactivated after 3.5 hr (Charts
2 and 3)]. No effect of adenosine deaminase, 3-deazaadeno-
sine, or homocysteine on the half-life of the complex suggests

that the degradation or dissociation of the complex does not
determine the rate of reactivation under the conditions of the
experiment.

A high level of extracellular adenosine deaminase decreases
the cellular content both of adenosine and ara-A in cells ex
posed to ara-A (Chart 3). Adenosine deaminase may enhance
the reactivation process by trapping ara-A continously formed
from 9-/?-D-arabinofuranosyladenine S'-monophosphate. How
ever, data shown in "Results," suggest that no rebinding of

ara-A to AdoHcy hydrolase takes place in cells suspended in
a medium devoid of ara-A. Furthermore, procedures which

protect intracellular AdoHcy hydrolase against inactivation by
ara-A (i.e., repetitive additions of homocysteine to the cell
suspension) do not increase the enzyme activity in ara-A-

treated cells. These data, taken together, indicate that trapping
of ara-A is not the mechanism of action of extracellular aden

osine deaminase.
A role of low cellular content of adenosine in the reactivation

process is strongly supported by the observation that the
adenosine analog, 3-deazaadenosine, nearly completely in
hibits the reactivation of AdoHcy hydrolase. 3-Deazaadenosine

is a better substrate for AdoHcy hydrolase than adenosine
itself (3) and is neither a substrate nor an inhibitor of other
enzymes metabolizing adenosine, i.e., adenosine deaminase
(15) or adenosine kinase (16).

The possible role of adenosine in the reactivation process
should perhaps be related to the finding that this nucleoside
forms a stable complex with AdoHcy hydrolase (13), also under
conditions of enzyme catalysis (22) and in intact rat hepato
cytes (20). In addition, adenosine is a potent inhibitor of the
hydrolysis of AdoHcy catalyzed by AdoHcy hydrolase (3).
Reactivation of AdoHcy hydrolase is possibly enhanced under
conditions favoring hydrolysis of AdoHcy. This suggestion rec
onciles the finding that 3-deazaadenosine and to a less degree
homocysteine (Chart 2) are inhibitors of the reactivation proc
ess. Both 3-deazaadenosine and homocysteine inhibit the hy-

drolytic reaction (3).
ara-A (8, 12) and 2'-deoxyadenosine (1) inactivate AdoHcy

hydrolase in vitro by a mechanism which involves irreversible
reduction of enzyme-bound NAD+. Furthermore, enzyme-
bound NAD+ is also reduced in the presence of adenosine

(18), but adenosine is a far less potent inactivator of the
enzyme than ara-A and 2'-deoxyadenosine (5). Thus, one may

speculate whether AdoHcy hydrolase inactivated by ara-A is
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reactivated through the action of mechanism(s) protecting the
cells against naturally occurring nucleosides (such as 2'-deox-

yadenosine and adenosine) exerting a continuous impact on
AdoHcy hydrolase.

The possibility of a cellular process reactivating AdoHcy
hydrolase in human lymphoblasts exposed to 2'-deoxyadeno-

sine has been suggested in the light of the finding that the
enzyme activity recovered at a higher rate than was expected
from the turnover of proteins in these cells (14). Furthermore,
AdoHcy hydrolase of erythrocytes in patients treated with ara-

A was inactivated (11 ), and the enzyme reappeared faster than
could have been expected on the basis of production of new
erythrocytes after the end of ara-A treatment.5

Reactivation of AdoHcy hydrolase could be demonstrated
with cultured cells (Chart 5). Furthermore, AdoHcy hydrolase
in most tissues of mice injected with ara-A was almost com

pletely recovered 8 to 10 hr after a single administration of the
compound.6 These findings, together with those cited above,

suggest that reactivation of inactivated AdoHcy hydrolase oc
curs in several cell types and animal tissues.

In the absence of dCF, the amount of AdoHcy decreases
slightly in rat hepatocytes (Chart IB) and markedly in the
cultured cells (Chart 5) after prolonged incubation with ara-A,

even under conditions of no enhancement of the reactivation
mechanism by extracellular adenosine deaminase. Lowering of
AdoHcy content in these cells may be caused by metabolism
of AdoHcy catalyzed by the fraction of AdoHcy hydrolase
which is not inactivated and by export of AdoHcy into the
extracellular medium (9).

dCF inhibits the reactivation of intracellular AdoHcy hydro
lase (Chart 2B) and may in this way enhance the effect of ara-

A on cellular metabolism of AdoHcy. Furthermore, dCF in
creases the cellular level of adenosine (Chart 36) which may
inhibit residual AdoHcy hydrolase activity and thereby lead to
accumulation of AdoHcy. These suggestions are in accordance
with the finding that dCF greatly increases the accumulation of
AdoHcy in various tissues of mice treated with ara-A.6 Adeno

sine deaminase inhibitors, including dCF, have been found to
potentiate the biological effects of ara-A in intact cells and in

whole animals (4, 6). Thus, the present work adds to published
data (4, 6), suggesting the usefulness of a combination therapy
with ara-A plus dCF.
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