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ABSTRACF

Adenosine and many adenosine analogues exert toxicity to mammalian
cells at the nucleosidelevel.The mechanismof action of these agents is
controversial. Previous experiments suggested that adenosine toxicity
could be mediated by the accumulation of S-adenosylhomocysteine
(AdoHcy),a potent inhibitor ofS-adenosylmethionine(AdoMet) depend
ent methylation reactions. To analyze this question genetically, adenosine
resistant, adenosinekinase deficient mutant clones of a murine T-lym
phoma cell line (R1.1) have been selected and analyzed. Compared to
parental lymphomacells, the adenosineresistant mutants had severalfold
elevated levels of AdoMet and an increased AdoMetAdoHcy ratio. The
activity of methionine adenosyltransferase was also raised in the mutants.
The mutant cells were cross-resistant to agents postulated to cause
accretion of AdoHcy, formation of AdoHcy analogues, impairment of
AdoMet synthesis, or direct interference with AdoMet dependent reac
tions. These included 3-deazaadenosine, carbocydic adenosine, carbo
cyclic3-deazaadenosine,formycinA, 8-azaadenosine,5'-deoxy-5'-meth
ylthiotubercidin, 5'-deoxy-S'-methylthioadenosine, 5'-deoxy-S'-S-iso
butylthioadenosine, adenine, cycloleucine, L-ethionifle, seleno-DL-ethio
nine, and (Â±@2-aminobicyclo(2.1.1Jhexane-2-carboxylic acid. These re
suits suggest that diverse purine nucleoside and methionine analogues
may block the growth of adenosine kinase deficient cells by interference
with AdoMet synthesis and degradation. An increase in AdoMet pools
can render mammalian cells cross-resistant to multiple drugs affecting
this essential metabolic pathway.

INTRODUCI'ION

Inhibition of adenosine deaminase (EC 3.5.4.4) markedly
sensitizes mammalian cells to the cytostatic and cytotoxic ac
tions of adenosine (1, 2). The mechanism of adenosine toxicity
is complex. The nucleoside has been reported to inhibit pyrim
idine nucleotide synthesis, to foster cyclic AMP accumulation,
and to cause the accumulation of AdoHc? (1â€”8).Adenosine
kinase (EC 2.7.1.20) deficient mammalian cells do not phos
phorylate adenosine. Nonetheless, adenosine still blocks their
growth (9, 10). Several adenosine analogues with anticancer
and antiviral activity, such as 3-deazaadenosine,3-deazaarister
omycin, and S-isobutylthioadenosine, also exert toxicity at the
nucleoside level (1 1â€”14).Delineating the metabolic effects of
these compounds in intact cells and the biochemical basis for
drug resistance is therefore of considerable interest.

In the present studies, we have selected and analyzed adeno
sine resistant mutant clones, starting with an adenosine kinase
deficient subline of the Ri.! murine T-lymphoma cell line. The
mutants contained elevated AdoMet pools and increased activ
ity of methionine adenosyltransferase (EC 2.5.1.6) under con
ditions of methionine limitation. The mutants were cross-re
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sistant to adenine and to diverse adenine nucleosides modified
in the purine ring and in position 5' of the ribose moiety. They
also resisted the antiproliferative effects of several methionine
analogues and other compounds that may block AdoMet syn
thesis or AdoMet dependent reactions. Taken together with
earlier data (6, 7, 12), the results indicate that not only adeno
sine but also several other adenine nucleosides and methionine
analoguesinhibit cell growth partly via perturbation of AdoMet
synthesis or metabolism.

MATERIALS AND METHODS

Cell Culture. The murine T-lymphoma cell line Ri.! came from Dr.
Robert Hyman (Salk Institute, La Jolla, CA). This cell line shares
antigenic and metabolic properties with normal thymocytes (15). For
metabolic studies R1.1 cells and the mutant clones were maintained in
suspension culture in RPMI 1640 supplemented with 10% heat mac
tivated horse serum (lot 4AOl6), penicillin (100 units/ml), streptomycin
(100 ,@g/ml),2 mM L-glutamine, and 0.1 mM nonessential amino acids
(regular medium; Microbiological Associates, Walkersville, MD) in a
humidifiedatmosphereof95% air-5%CO2(16).Theheattreatedhorse
serum lacked detectable adenosine deaminase (17) and MeSAdo phos
phorylase (18) activities. The methionine concentration in the medium
was varied using a RPMI 1640 Select-Amine kit (Gibco, Chagrin Falls,
OH) and dialyzed horse serum.

Serial 2-fold dilutions of growth inhibitory compounds were added
to cells at an initial density of 1 x 105/ml. After 48â€”80h in tissue
culture, cells excluding erythrosin B were enumerated manually. The
reported values are means of at least two independent determinations.

Isolation ofAdenosine Kinase Deficient and Adenosine Resistant Cells.
Approximately 2 x iO@R1.1 lymphoblasts were treated with ethylme
thanesulfonate (250 zg/ml) for 5 h as described earlier (16). After
washingandresuspensionin freshmedium,thecellsweregrownfor 7
days to allow phenotypic expression. Thereafter, the cells were grown
in increasing concentrations of 7-deazaadenosine (tubercidin). Lym
phoblasts resistant to 3 @Mtubercidin were cloned by limiting dilution.
One clone (AK6), with less than 1% of wild type adenosine kinase
activity,waschosen as a parental cell for isolation ofsecondary mutants
resistant to adenosine. The cells were cultured with increasing adeno
sine concentrations (50 @LMâ€”1mM), in the presence of 5 @iMdeoxyco
formycin, and finally were cloned under nonselective conditions.

Enzyme Assays. Washed cells were frozen and thawed five times in
distilled water and centrifuged at 24,000 x g for 45 mm. Low molecular
weight material was removedby passagethrough SephadexG-25.
Methionine adenosyltransferase activity was measured by a slight mod
ification of the conditions described by Tallan (19). The assay mixture
contained 100mMTris-HC1(final pH, 7.0), 40 mss KC1,25 mr@iMgCl2,
10 m@iATP, 0.15 mM L-[methyl-'4C]methionine(10â€”60mCi/mmol;
Amersham, Arlington Heights, IL), and enzyme extract in a final
volume of 50 ,@l.The AdoMet product was adsorbed onto P81 cation
exchangepaper discs (Whatman, Kent, England), washed, and counted,
as described by Eloranta et a!. (20). The measured radioactivity in
control samples lacking enzyme was negligible. The formation of
AdoMet was linear with time for 1 h and with the amount of enzyme
added,aslongastheconsumptionof methioninewasbelow20%.

The assay conditions for other enzymes in AdoMet and adenosine
metabolism have been described in detail (10, 16, 21). Protein was
measured according to the method of Bradford (22).

Measurement of Adenosine and Its Derivatives. Cells were collected
by centrifugation at 700 x g for 5 mm at 4'C. After removal of the
supernatants, the cells were washed in ice-cold phosphate buffered
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Table 1 Enzymeactivitiesin three clones ofR1.1 murinelymphoblastsWild

typeAdenosine
sensitive

AK6Adenosine
resistant

AKR4AKR4:AK6Adenosine

kinaseÂ°
Adenosinedeaminase
AdoHcy hydrolase
MeSAdophosphorylase1.2

125
4.8
3.1<0.01

127
4.0
4.3<0.01

150
5.3
4.41.2

1.3
1.0

IC

AKI4@'

Table 2 Effectofadenosine (200 @M)and deoxycoformycin(1 @zM)OnAdoMetandAdoHcy
levels in wild type, AK6, andAKR4 cells after 16 h oftreatmentpmol/10'

cells
AdenosineCell

line (200aiM) AdoMet AdoHcyAdoMet:AdoHcyWild

type â€” 50.9 3.415.0+
76.3 47.91.6AK6

â€” 58.5 4.712+
58.9 55.01.1AKR4

â€” 354.3 4.67.7+
329.2 53.6 6.1

ID

@@@k@AKI4+ @CF

Table 3 Relationbetweenmediummethionineleveland cellularmethionineadenosyltransfero@e
activityCells

were cultured for 16 h in media with the indicated methioninelevels.Methionine
adenosyltransferase in cell extracts was quantitatedradiochemically.Each

valueis the mean of at least two experimentsthat variedby less than 10%;
106cells are approximatelyequivalentto 0.04 mgprotein.pmol

AdoMetformed/mm/b'
cellsMethionine

AK6 AKR4AKR4:AK610

MM+ cycloleucine,7.7 mM 43 1473.41MM
33 702.110@iM
62 941.5I00@iM
23 33 1.4

S-ADENOSYLMETHIONINE AND ADENOSINE TOXICITY

saline (0.15 M NaC1, 0.01 M phosphate buffer, pH 7.4). Finally, the
pellets were extracted with ice-cold 0.4 M perchloric acid for 10 mm.
After centrifugation, the supernatant fractions were neutralized with
KOH. Precipitates were removed and the samples were frozen at â€”20Â°C
for up to 1 week.

AdoMet, AdoHcy, and S-adenosyl-(5')-3-methylthiopropylamine
(decarboxylated AdoMet) were separated by ion-pair reverse phase high
performance liquid chromatogrpahy as described by Wagner et a!. (23).
This procedure also separated AdoMet from S-adenosylethionine.
Adenosine was isolated by reverse phase (21) and ATP by ion-exchange
high performance liquid chromatography (10). The purine concentra
tions were determined by comparison of the recorded A2@,,@,peaks with
authentic standards that were processed identically.

Chemicals. Carbocyclic adenosine, 3-deazaadenosine, carbocyclic 3-
deazaadenosine, 8-azaadenosine, 5 â€˜-deoxy-5'-isobutylthio-3-deazaa
denosine, 5â€˜-azido-Sâ€˜-deoxyadenosine, and 5'-cyano-S'-deoxyadeno
sine were prepared by Dr. John A. Montgomery. 5'-Deoxy-5'-methyl
thiotubercidin was a kind gift from Dr. James Coward (Rennselaer
Polytechnic Institute, Troy, NY) and from Dr. Terho Eloranta (Uni
versity of Kuopio, Kuopio, Finland). (Â±)-ABHCAwas kindly supplied
by Dr. Janice Sufrin (Roswell Park Memorial Institute, Buffalo, NY).
Unless stated differently, other compounds came from Sigma Chemical
Co. (St. Louis, MO).

RESULTS

Properties of Adenosine Resistant Cells. Wild type R1.l cells,
the adenosine kinase deficient mutant (AK6), and the adenosine
kinase deficient, adenosine resistant variant (AKR4) prolifer
ated at nearly equivalent rates, with doubling times of 13â€”16h.
In deoxycoformycin supplemented medium, adenosine alone,
and particularly the combination of adenosine and L-homo
cysteine, was both growth inhibitory and cytotoxic to AK6 cells

(Fig. 1, A and B). Indeed, in the presence of L-homocysteine,
even the adenosine produced endogenously by AK6 cells trig
gered AdoHcy accumulation and reduced proliferation. The
AKR4 mutant cells were at least 10-fold resistant to the toxic
effects of adenosine alone and of adenosine plus L-homocys
teine. This adenosine resistant phenotype remained unchanged
during 6 months of continuous proliferation in vitro, in the
absence of a deliberate selective pressure.

The altered properties of the AKR4 lymphoblasts were not
attributable to reappearance of adenosine kinase or to any
significant change in other enzymesknown to metabolize aden
osine (Table 1). Neither were they secondary to gross alterations
in adenosinetransport. Thus, viable AK6 and AKR4 cells both
released adenosine into the growth medium at a pace of 1.8
nmol/h/107 cells. Similarly, extracellular adenosine increased
AdoHcy pools to identical levels in both cell types (Table 2).
Exogenous uridine (50 sM) did not alter the growth inhibitory
effects of adenosine toward either AK6 or AKR4 lymphoblasts.

AdoMet pools were 4- to 7-fold higher in AKR4 than in AK6
cells (Table 2). In contrast, AdoHcy pools were nearly identical.
ATP content was 2.1 nmol/106 cells in both lymphoblast clones.
The increased ratio ofAdoMet to AdoHcy in the AKR4 mutant
was entirely attributable to its elevated AdoMet content.

Methionine Adenosyltransferase. AdoMet pools varied ac
cording to the medium methionine concentration in both AK6
and AKR4 cells but were always higher in the adenosine resist
ant mutant than in parental cells. The activity of methionine
adenosyltransferase was also higher in AKR4 than in AK6
lymphoblasts (Table 3), particularly when the cells were incu
bated in medium with 1â€”10 @Mmethionme or in medium
supplemented with cycloleucine, a competitive inhibitor of
AdoMet synthesis.

a Enzyme activities are expressed as nmol product/mm/mg protein. Each point
is the average of 2â€”3replicate determinations.
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.1 .@ U 6.25 25i1.1

1@M@

Fig. 1. Effects of adenine nucleosides on the growth of AK6 and AKR4
lymphoblasts. Cells were incubated for 48â€”72h with the indicated compounds in
the presence of 1 MMdeoxycoformycin (dCF). Abscissas, nucleoside concentra
tions; ordinates, percentage of control growth without added nucleosides. A,
adenosine; B, adenosine plus 500 @ML-homocysteine thiolactone; C, 3-deaza
adenosine; D, carbocyclic 3-deazaadenosine; E, carbocyclic adenosine.
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Table 6 Toxicity ofadenosine and adenosineanaloguesThe
effect ofeach compound was tested in regular medium supplementedwith1

MMdeoxycoformycin. Viable cells were enumerated after 72 h. The IC,@,istheconcentration
inhibiting growth by 50%. The results are compiled from thecurvesillustrated

in Figs. 1 and 2 and other data.IC,@,

(MM)WildCompound

type AK6 AKR4AKR4:AK6Adenosine

20 20 21010.53-Deazaadenosine
5 1.65 3018.2Carbocyclic

3-deazaadenosine 0.4 0.33 1030.3Carbocyclic
adenosine 0.1 0.11 3.530.47-Deazaadenosine

(tubercidin) <0.1 14 221.68-Azaadenosine
<0.1 6.6 507.6Formycin

A <0.1 6.2 487.72'-Deoxyadenosine
NDa 15.6 171.13'-Deoxyadenosine
<0.1 4.2 3.60.91-fi-o-Arabinofuranosyladenine
ND 11.5 11.51.0Adenine
ND 32 41012.8a

ND, not done.

Table 4 Comparison ofmethionine adenosyltransferasesfrom AK6 andAKR4
Each point represents the average of at least two replicate experiments that

varied by lessthan 10%.AK6

AKR4K..

methionine 14 @M 13
K1cycloleucine 320 @MCÂ° 300 @iMC
K@L-ethiOnine 600 @iMC 600 @MC
K1AdoMetb 160 @MNC 160 @MNC10%

dimethyl sulfoxide, residual activity' 60% 80%
1 mM p-chloromercuribenzoate, residual 80% 75%
activity'Time

for 50% inactivationat 50'C 3.2 mm 6.5mmpIe

5.0â€”5.5 5.0â€”5.5

78 316 , 1250pM

Table 7 Cross-resistance ofAKR4 to inhibitors ofAdoMetsynthesisThe
experiments were performed as described in Table 6, except thatthemedium
contained 10 MML-methionine without deoxycoformycin and viablecellswere

enumerated after 48 h. The IC,@,is the concentration inhibiting growthby50%.IC,@,Compound

AK6 AKR4AKR4:AK6L-Ethionine
170 8004.7Seleno-DL-ethionine
62 1903.1Seleno-DL-methionine
22 90.4(Â±)-ABHCA

1,450 8,0005.5Cycloleucine
1,400 11,500 8.2

Table 5 Methionine adenosyltransferase activity in viable cells
Cells were incubated for 16 h in medium containing 10 or 100 @zMmethionine.

Then 300 @ML-ethionine was added to the medium for 60 mm. Cell densities
were 5 x 10@/mlduring pulsing.Valuesare expressedas pmol/10' cells/h Â±SD
(n = 3).Methionine

(jzM) AK6AKR410

285Â±33 493Â±10
100 17.2Â±1.8 18.2Â±3.0

S-ADENOSYLMETHIONINE AND ADENOSINE TOXICITY

At least three isoenzymes of methionine adenosyltransferase
are present in mammalian tissues (24). AdoMet inhibits two of
the isoenzymes and stimulates one. The kinetic properties of
methionine adenosyltransferasein AK6 and AKR4 lymphoblast
extracts are summarized in Table 4. Typical Michaelis-Menten
kinetics were observed with respect to methionine at a saturat
ing ATP concentration. Km values for methionine were 13â€”14
@iMfor the enzyme in AK6, AKR4, and wild type Ri.! cells.

The enzymes were inhibited competitively by cycloleucine and
L-ethionine. AdoMet was a noncompetitive inhibitor, with a K1
of 160 @M,determined according to the method of Dixon (25).
Adenine, adenosine, AdoHcy, or MeSAdo (2 mM) did not
inhibit the standard enzyme assay. Dimethyl sulfoxide (10% v/
v) inhibited the AK6 enzyme by 40% and the enzyme in AKR4
by 20%. The AKR4 enzyme activity was also substantially more
stable at 50Â°Cthan the AK6 enzyme activity. Collectively, these
data suggest that both AK6 and AKR4 contain the @yform of
methionine adenosyltransferase (24).

Since AdoMet inhibited its own synthesis and AdoMet levels
were severalfold higher in adenosine resistant than in adenosine
sensitive cells, the functional activities of methionine adenosyl
transferase in viable AK6 and AKR4 cells were estimated by
Lethionine pulsing. Mammalian cells convert L-ethionine to S
adenosylethionine, a poorly metabolized analogue of AdoMet
(26â€”28).In medium supplemented with 100 @iMmethionine, 5-
adenosylethionine formation did not differ significantly be
tween adenosine sensitive and adenosine resistant Ri .1 cells.
By contrast, in medium containing 10 @Mmethionine, AKR4
cells synthesized 80% more S-adenosylethionine (P < 0.005)
than AK6 cells (Table 5).

Cross-Resistance of the Adenosine Resistant AKR4 Cells. It
was important to test the effects of 3-deazaadenosine, carbo
cyclic 3-deazaadenosine, and carbocyclic adenosine in AK6 and
AKR4 lymphoblasts, considering that the three nucleosides

have been reported to perturb AdoHcy metabolism (12, 14, 29).
As illustrated in Fig. 1, Câ€”E,and in Table 6, the AKR4 mutant
was 18- to 30-fold resistant to all three agents. Formycin A and
8-azaadenosine were about 8-fold more toxic to AK6 than to
AKR4 cells. 2'-Deoxyadenosine and 3'-deoxyadenosine (cor
dycepin), as well as l-@3-n-arabinofuranosyladenine, were simi
larly toxic to the adenosine sensitive and adenosine resistant
Ri.! clones. No significant difference was observed in the
residual minor toxicity oftubercidin, but adenine, an established
inhibitor of AdoHcy hydrolase (30), was 12- to 13-fold more
toxic for AK6 than AKR4 cells.

Compared to AK6 lymphoblasts, AKR4 cells were 5- to 8-
fold resistant to cycloleucine and to (Â±)-ABHCA (Fig. 2D;
Table 7). These compounds are competitive inhibitors but are

%
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a C, competitive inhibition; NC, noncompetitive inhibition (with respect to

methionine).
b Commercial grade, 70% pure by high performance liquid chromatography,

and containing a mixture of (â€”)and (+) forms. The K1values therefore are
overestimated.

CThe compound was added to the enzyme 15 mm before the measurement of
enzyme activityat 3TC.

Cell extracts (4â€”5mg/ml in water) were heated at 50T in a water bath. At
intervals, samples were rapidly cooled and assayed.

e Isoelectric points (p1) were determined by assessmentof enzyme activity after
isoelectricfocusingof extracts in agarosegels,as describedpreviously(42).

@â€˜@dCF@ @@KN4@AKN:+dCF

2A

@ -â€˜@- F@ @Ak6

1 4 16 62 250pM 1.25 5 20'

2C

I
0.5 2 8 31 125 500pM

Fig. 2. Effectsofadenine nucleosidesand cycloleucineon the growth of AK6
and AKR4 cells. The experimental conditions were the same as in Fig. 1, except
incubations with cycloleucine were carried out for 24 h in medium containing 5
MM methionine. A, 5'-deoxy-S'-methylthiotubercidin; B, 5'-deoxy-S'-methyl
thioadenosine; C, 5'-deoxy-5'-S-isobutylthioadenosine; D, cycloleucine. dCF,
deoxycoformycin.
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Table 8 Cross-resistance oJAKR4 to 5'-deoxy-5'-methylthioadenosine and
related compounds

The experiments were performed as described in Table 6. Viable cells were
enumerated after 80 h. The IC,@,values (concentration inhibiting growth by 50%)
in wild type cells were the same as AK6 in allcases.Deoxyco-

IC,o (MM)
formycin

Compound (1 MM) AK6 AKR4AKR4:AK65'-Deoxy-S'-methylthioadeno-

+ 36 470 13
sine â€” 40 3558.95'-Deoxy-S'-methylthiotuberci-

+ 2.6 320 123
din â€” 3.2 3201005'-Deoxy-S'-S-isobutylthioa-

+ 1.6 95 59
denosine â€” 1.6 132825'-Deoxy-5'-isobutylthio-3-

+ 5.0 21 4.2
deazaadenosine â€” 1.3 26205'-Deoxy-S'-azidoadenosine

+ 13 180 14
â€” 13 230185'-Deoxy-S'-cyanoadenosine

+ 30 1404.7Sinefungin

+ 140 220 1.6

S-ADENOSYLMETHIONINE AND ADENOSINE TOXICITY

AdoHcy ratios much below this inhibitory level.
Inhibition of AdoMet dependent processes may be caused by

several independent mechanisms, including (a) inhibition of
AdoHcy degradation, (b) formation of AdoHcy analogues, (c)
impairment of AdoMet synthesis, and (d) direct interference
with AdoMet consumption. The AKR4 cells were cross-resist
ant to diverse agents that may act via one or several of these
four mechanisms. For instance, the AKR4 cells were about 30-
fold resistant to the toxic effects of carbocyclic adenosine and
carbocyclic 3-deazaadenosine. These compounds are extremely
potent inhibitors of AdoHcy hydrolase, with K1values of 1â€”13
nM (12, 14, 29), but are not converted to AdoHcy analogues by
the hydrolase. Carbocyclic 3-deazaadenosine has no known
enzyme target other than AdoHcy hydrolase (14) and is equally
toxic to adenosine kinase positive and negative cells. AKR4
cells were 18-fold resistant to 3-deazaadenosine, which is con
verted to an AdoHcy analogue (1 1, 36) and also inhibits
AdoHcy hydrolysis (29). 8-Azaadenosine and formycin A were
8-fold more toxic toward AK6 than AKR4 cells. Both com
pounds are converted to AdoHcy analoguesin lymphocytes (36)
and inhibit RNA methylation (37).

AKR4 cells were 5- to 8-fold resistant to cycloleucine, L
ethionine, and (Â±)-ABHCA. These compounds are competitive
inhibitors (with respect to methionine) of AdoMet synthesis
(24, 28, 32). In contrast, the AKR4 cells wereat leastassensitive
as parental lymphoblasts to seleno-DL-methionine. Presumably,
the AKR4 cells efficiently converted the seleno-DL-methionine
to the highly toxic AdoMet analogue. Caboche and Mulgant
(38) have also described a cycloleucine resistant clone of
Chinese hamster ovary cells, with elevated AdoMet levels and
a highly inducible, kinetically normal methionine adenosyl
transferase activity.

The resistance of AKR4 cells to MeSAdo, 5'-deoxy-5'-iso
butylthioadenosine, 5'-deoxy-5 â€˜-azidoadenosine, and particu
larly 5'-deoxy-S'-methylthiotubercidin requires explanation.
MeSAdo and its isobutyl analogue are converted to adenine by
MeSAdo phosphorylase. The nucleosides also may inactivate
AdoHcy hydrolase directly (5, 39, 40). In principle, both mech
anisms could lead to AdoHcy accumulation. However, 5'-
deoxy-5'-methylthiotubercidin is not metabolized by mamma
han cells and did not elevate AdoHcy levels in AK6 or AKR4
lymphoblasts at cytotoxic concentrations. Furthermore, decar
boxylated AdoMet levels increased minimally after 5'-deoxy
5'-methylthiotubercidin treatment. MeSAdo has been postu
lated to be the nucleoside product and may thus be a potential
inhibitor of AdoMet dependent aminocarboxypropyl transfer
reactions involved in tRNA and rRNA base modification (41).
The nucleoside also inhibits some transmethylation reactions
directly, albeit at very high concentrations (30). An increase in
AdoMet levels should render cells resistant to both effects of
MeSAdo and related compounds.

In parental AK6 lymphoblasts, as well as in the adenosine
resistant mutant, methionine adenosyltransferase activity
changed in response to alterations in the medium methionine
concentration. At all methionine concentrations tested, the
methionine adenosyltransferase activity was higher in AKR@
cells than in parental lymphoblasts. In medium containing it
@iMmethionine and 7.7 mM cycloleucine, methionine adenosy@

transferase activity was 3.4-fold higher in AKR4 than in AK
cells. The methionine adenosyltransferase activity was alt
more resistant to heat and dimethyl sulfoxide treatment
AKR4 extracts than in extracts of parental lymphoblasts. Cc
ceivably, stabilizing changes in enzyme structure decreased i
rate of methionine adenosyltransferase degradation in the ad
osine resistant mutants and thereby elevated enzyme activ

2869

not substrates for methionine adenosyltransferase (27, 31).
Seleno-DL-methionine, which is an excellent substrate (32) for
AdoMet analogue synthesis, was highly toxic to both cell clones.
AKR4 cells were resistant to L-ethionine, which is both an
inhibitor and a substrate for methionine adenosyltransferase
(26â€”28).

The AKR4 lymphoblasts were relatively resistant to the an
tiproliferative effects ofseveral 5'-derivatives ofadenosine (Fig.

2, Aâ€”C;Table 8). Included in this group were 5'-deoxy
5â€˜-methylthiotubercidin,MeSAdo,5'-deoxy-5'-S-isobutylthio
adenosine, and 5 â€˜-azido-5â€˜-deoxyadenosine. Especially promi
nent was the 100-fold resistance of AKR4 cells to 5'-deoxy-5'-
methylthiotubercidin, a nondegradable MeSAdo analogue (33).
Incubation of AK6 and AKR4 cells with 150 @tM5'-deoxy-5'-
methylthiotubercidin for 1â€”16h caused no change in AdoHcy
levels and only a slight rise in decarboxylated AdoMet pools to
4â€”5pmol/l06 cells. Thus, the growth inhibitory effects of 5'-
deoxy-5'-methylthiotubercidin toward AK6 lymphoblasts could
not be attributed to accretion of AdoHcy or decarboxylated
AdoMet.

Concentrations causing 50% growth inhibition after 72 h for
both AK6 and AKR4 cells were 60 @zMfor N6,02'-dibutyryl
cyclic AMP, 45 and 60 zM for isoproterenol, 250 zM for 5'-
Nethylcarboxamide adenosine, more than 500 @iMfor 2',5'-
dideoxyadenosine, and 0.28 and 0.32 @zMfor 5-azacytidine,
respectively.

DISCUSSION

Several adenosine resistant clones were isolated from an
adenosine kinase deficient murine T-lymphoma cell line (Ri.!
AK6). All the clones had stably elevated AdoMet pools. The
adenosine resistant AKR4 clone contained from 4- to 7-fold
higher AdoMet pools than the adenosine sensitive AK6 lym
phoblasts. The AdoMet:AdoHcy ratio was severalfold higher
in the AKR4 mutant than in the AK6 parental cells. The
supplementation of the medium with adenosine and deoxyco
formycin induced an equivalent increasein AdoHcy in both cell
types. The AdoMet:AdoHcy ratio at each adenosine concentra
tion was increased in the adenosine resistant mutant, compared
to the parental lymphoblasts. Transmethylation reactions are
inhibited progressively when the AdoMet to AdoHcy ratio falls
below 5 (34, 35). In the AKR4 mutant cells, but not in parental
lymphoblasts, exogenous adenosine did not decrease AdoMet:
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It is also possible that AdoMet utilization (or other uncharac
terized metabolic pathways) differed in some manner between
the adenosine sensitive and adenosine resistant lymphoma cells.

It shouldbeemphasizedthat themutationallossof adenosine
kinase did not alter the toxicity toward munne lymphoma cells
of carbocyclic adenosine, carbocyclic 3-deazaadenosine, 3-dea
zaadenosine,or most adenosineanaloguesmodified in position
5'. Thus, the ability of these nucleosides to perturb AdoMet
metabolism is probably relevant to their antiproliferative effects
in wild type lymphoma cells. Based upon the data presented
here, we would predict that variations in AdoMet levels among
heterogeneous tumor cell populations may influence the sensi
tivity of the cells to chemotherapeutic agents that interfere with

different aspectsof AdoMet synthesis or utilization.
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