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Abstract—The biological activities of several previously synthesized [J. A. Montgomery et al., J. med.
Chem. 17, 1197 (1974)] adenine-substituted analogs of 5'-deoxy-5'-methylthio- or 5’-deoxy-3'-ethyl-
thioadenosine, including the 2-fluoroadenine, 2-chloroadenine, 2,6-diaminopurine, 8-azaadenine, and
4-aminopyrazolo[3,4-d]pyrimidine-containing derivatives, have been reexamined. It is demonstrated
that many of these analogs are cleaved to their respective free base analogs by 5'-deoxy-5’-methyl-
thioadenosine phosphorylase (MTAPase), an enzyme associated with polyamine biosynthesis, and that
this reaction is necessary for the cytotoxic action of these MTA analogs to be fully expressed. Evidence
to support this includes: (1) the growth of two MTAPase-containing human colon carcinoma cell lines
(the HCT-15 and DLD-1 lines) was inhibited by these analogs, whereas an MTAPase-deficient cell line,
the CCRF-CEM human T-cell leukemia, was relatively insensitive to their cytotoxic action; (2) extracts
of the MTAPase-containing colon carcinoma cell lines were able to cleave these analogs to their
respective free base analogs; in contrast, extracts of MTAPase-deficient CCRF-CEM cells were unable
to cleave these analogs; (3) intact colon carcinoma cells converted these MTA analogs to their
corresponding 5'-phosphorylated analog nucleotides, whereas CCRF-CEM cells did not, at least to
detectable levels; and (4) the MTA analog, 5'-deoxy-5'-ethylthio-4-aminopyrazolo[3,4-d]pyrimidine
ribonucleoside, which is not a substrate of MTAPase, did not form analog nucleotides and was essentially
noncytotoxic to all cell lines tested, whereas the corresponding adenine analog, 4-aminopyrazolo[3,4-
d]pyrimidine, readily formed analog nucleotides and was highly cytotoxic to all the lines. It is postulated
that the corresponding adenine analog 5'-phosphorylated nucleotides are the primary active metabolites
of these MTA analogs, having been formed by the cleavage of these nucleosides to free adenine analogs
by MTAPase, followed by the conversion of these base analogs to analog nucleotides by adenine
phosphoribosyltransferase and the enzymes of adenine nucleotide phosphorylation. This pathway
represents a novel drug-activation system for the synthesis of analog nucleotides and has the potential
to be exploited chemotherapeutically.
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|| Abbreviations used: AdoMet, S-adenosyl-L-methion-
ine; 4-APP, 4-aminopyrazolo[3,4-d]pyrimidine; APRT,
adenine phosphoribosyltransferase (EC2.4.2.7);2,6-DAP,
2,6-diaminopurine; 5'-ETAPPR, 4-amino-1-[5-deoxy-5-
(ethylthio)- B-D-ribofuranosyl|pyrazolo[3,4-d]pyrimidine;
5"-ETDAPR, 2-amino-5'-deoxy-5'-(ethylthio)adenosine;
5'-ETFAR, 5’-deoxy-5’-(ethylthio)-2-fluoroadenosine;
HEPES, 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid; HPLC, high performance liquid chromatography;
MTA, 5'-deoxy-5'-(methylthio)adenosine; MTAPase, 5'-
deoxy-5'-(methylthio)adenosine phosphorylase; 5'-MTA-
zaAR, 7-amino-3-[5-deoxy-5-(methylthio)-8-D-ribofurano-
syl}-v-triazolo[4,5-d]pyrimidine; 5'-MTCIAR, 2-chloro-5'-
deoxy-5'-(methylthio)adenosine; and PNP, purine nucleo-
side phosphorylase (EC 2.4.2.1).

(MTAPase) is responsible in mammalian tissues for
the metabolism of 5’-deoxy-5’-methylthioadenosine
(MTA), which is generated from S-adenosyl-
methionine (AdoMet) primarily during the synthesis
of the polyamines, spermidine and spermine [1, 2];
MTA can also be formed directly from AdoMet
[3, 4].l MTAPase catalyzes the reaction:

MTA + P, =
Adenine + 5-methylthioribose-1-phosphate

Originally described in the rat ventral prostate in
1969 [5], this enzyme has been identified recently in
a wide range of mammalian tissues [6-14]. Several
cultured neoplastic cell lines, however, lack MTA-
Pase activity [10, 13, 15].

An important physiological role of the enzyme is
to convert MTA to salvageable intermediates. One
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product, adenine, can react with 5-phosphoribosyl-
1-pyrophosphate to form 5'-AMP and PP; as cata-
lyzed by adenine phosphoribosyltransferase
(APRT), and, thereby, rejoin intracellular adenine
nucleotide pools. The other product, 35-
methylthioribose-1-phosphate, has been shown
recently to be converted to L-methionine by a not
yet fully elucidated series of reactions [16-18].

The finding that MTAPase can utilize an analog
of MTA, 5'-deoxyadenosine, as a substrate, and that
the metabolism of this compound results in a number
of biochemical perturbations [14], encouraged us to
explore the use of this enzyme and its associated
salvage pathways as novel antimetabolite-activating
systems. Our approach was to examine various ana-
logs of MTA as alternative substrates of MTAPase,
and to determine whether the products of this reac-
tion were cytotoxic, or were metabolized to cytotoxic
derivatives.

One class of MTA analog antimetabolites is that
in which the adenine moiety of MTA is replaced by
an adenine analog. In 1974, Montgomery et al. [19]
reported the synthesis of a variety of adenine-sub-
stituted derivatives of 5’-deoxy-5'-methyithio- and
5'-deoxy-5'-¢thylthioadenosine, including those con-
taining 2-fluoroadenine, 2-chloroadenine, 2,6-dia-
minopurine, 8-azaadenine, or 4-aminopyrazolo-
[3,4-d]pyrimidine (for structures, see Fig. 1). The
original rationale for the formulation of these com-
pounds was that, as analogs of MTA, they might
interfere with polyamine and/or AdoMet metab-
olism. Some of these compounds, especially 5'-
deoxy-5'-ethylthio-2-fluoroadenosine (5'-ETFAR),
were found to be growth inhibitory to cultured
H.Ep.-2 cells. Although the metabolism of these
compounds was not studied, it was noted that an
H.Ep.-2 line lacking APRT activity and resistant to
2-fluoroadenine was cross-resistant to 5’-ETFAR,
indicating that cleavage of this compound to the free
base was necessary for cytotoxicity [19].

This observation, and the close structural similar-
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ity of these analogs to MTA, suggested that the
metabolism and action of these compounds might
involve MTAPase. The present studies demonstrate
that many of these analogs are, in fact, substrates
for MTAPase and that their intracellular cleavage
to free adenine analogs by this enzyme is a crucial
step in the mechanism by which these MTA analogs
exert cytotoxicity in MTAPase-containing cell lines.
Preliminary reports describing portions of this work
have been communicated [20, 21].

MATERIALS AND METHODS

Materials. Analogs of MTA were synthesized as
reported previously [19]. 2-Chloroadenine was sup-
plied by Dr. S. H. Chu, Brown University. 5'-
Deoxy-5'-methylthioadenosine, 2,6-diaminopurine
sulfate,  8-azaadenine, 4-aminopyrazolo(3,4-d]-
pyrimidine, and buttermilk xanthine oxidase (Grade
IIT) were purchased from the Sigma Chemical Co.
(St. Louis, MO). Calf spleen purine nucleoside phos-
phorylase was obtained from Boehringer Mannheim
(Indianapolis, IN). 5’-Deoxy-5'-ethylthioadenosine
was synthesized from S-adenosylethionine (obtained
from Sigma) as described by Zappia et al. [6]. 2-
Fluoroadenine (NSC 27364) was obtained from the
NCI.

In vitro cytotoxicity studies. The establishment in
culture of the HCT-15 [22] and DLD-1 [23] human
colon carcinoma lines has been reported. In vitro
cytotoxicity studies were carried out using a modi-
fication of a previously described procedure [24]. On
day 0, replicate 35 mm tissue culture dishes (Falcon
Plastics, Oxnard, CA) were inoculated with 1 x 10°
cells in RPMI 1640 medium (10% heat-inactivated
fetal calf serum) supplemented with penicillin (100
units/ml), streptomycin (100 pg/ml), fungizone
(25 ug/ml), tylosine (30 ug/ml) and gentamycin
(20 ug/ml). The medium was buffered with 0.075%
NaHCOs;, 10 mM HEPES, and 10 mM Tris. After
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Fig. 1. Structures of several adenine-substituted analogs of MTA.
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24 hr (day 1) the cells were rinsed twice with saline.
Drugs were added to each plate at concentrations
ranging from 1077 to 2 X 107*M in an RPMI 1640
medium (2 m! final volume) supplemented with 15%
horse serum. Horse serum, unlike fetal calf serum,
contains no MTAPase activity [15] and is, therefore,
appropriate for use in cell culture studies involving
MTA and its analogs. Also on day 1, cells from two
dishes were harvested by trypsin~-EDTA treatment
and counted in a hemacytometer to determine the
number of cells per dish at the time of drug addition.
On day 5, drug-treated and control cultures were
harvested by trypsin~EDTA treatment and counted.
The number of doublings for the nontreated cells
was calculated from the cell number in control dishes
on days 1 and 5; usually 3.4 to 4.0 cell doublings
were observed during this 96-hr period. The molar
drug concentration required to inhibit the number
of doublings over this period by 50% (ics;) was
calculated from a dose-response curve, in which cell
numbers were plotted against drug concentration.
The CCRF-CEM human T-cell leukemia line,
whose establishment in culture has been described
[25], was obtained from Dr. Michael Wiemann of
the Roger Williams General Hospital, Providence,
RI. CCRF-CEM cells were routinely grown as sus-
pension cultures in an RPMI 1640 medium supple-
mented with 10% fetal calf serum, buffers, and
antibiotics (see above) in a humidified incubator
maintained at 95% air: 5% CO, at 37°. For cyto-
toxicity studies, cells were first washed several times
in RPMI 1640 medium containing 15% horse serum,
They were then introduced into 16 X 125 mm culture
tubes (Falcon Plastics) containing 3 ml of the 15%
horse serum-containing medium, to which analogs
{2 X 107* to 107 M) had been added. The final cell
concentration was 1 x 10° cells/ml. After 96 hr of
incubation, the cell number was determined using
a hemacytometer; during this period, untreated cells
underwent between 2.5 and 3.2 doublings.
Reversed-phase high performance liquid chroma-
tography. The liberation of adenine-like bases from
adenine-substituted MTA analogs was monitored
directly by reversed-phase HPLC, using a Varian
4200 high performance liquid chromatograph
equipped with a Waters uBondapak C,s analytical
column (0.39 x 30 cm). Separation of bases from
nucleosides was obtained using a modification of a
previously described reversed-phase HPLC pro-
cedure {14]. In these studies, the low concentrate
eluent was 10 mM potassium phosphate, pH 5.5, and
the high concentrate eluent was 50% methanol,
5mM potassium phosphate, pH 5.5. The gradient
profile consisted of a linear increase of high concen-
trate eluent from 0 to 100% at a rate of 9%/min,
followed by a 6-min isocratic elution at 100% high
concentrate eluent, followed by a linear decrease in
the level of high concentrate eluent (—9%)/min) until
0% was reached. The flow rate was 1.0 ml/min.
Adenine analog bases were identified based on the
retention times of authentic standards. A Schoeffel
SF 770 variable wavelength detector was used to
monitor the formation of adenine analogs with Ay,
values not close to 254 nm. To facilitate identification
in some cases, the u.v. spectra of unknown peaks
collected from the HPLC column were determined
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with a Perkin Elmer 402 spectrophotometer and
compared with spectra of authentic standards.
Reversed-phase HPLC was also used to verify the
purity of the MTA analogs; all produced single,
homogeneous peaks under these chromatographic
conditions.

Anion-exchange high performance liquid chroma-
tography. Natural and analog nucleotides were meas-
ured with an anion-exchange HPLC technique that
employed a Varian model 5000 liquid chromatograph
equipped with a Whatman Partisil PXS 10/25 SAX
column (5 % 160 mm). Separation of the various
nucleotides was achieved with a programmed gra-
dient using 1 mM potassium phosphate (pH 4.5) as
the low concentrate (starting) eluent and 500 mM
potassium phosphate (pH 4.5) as the high concen-
trate eluent. The gradient profile consisted of a linear
increase of high concentrate eluent from 0 to 100%
over a 40-min period, followed by a 20-min isocratic
elution at 100% high concentrate eluent. The flow
rate was 1.2 ml/min. In addition to u.v. monitoring
at 254 nm to detect naturally occurring nucleotides,
the Schoeffel SF 770 variable wavelength monitor
was used to simultaneously detect analog nucleotides
that absorb well at other wavelengths (295 nm for
2,6-diaminopurine-containing compounds; 278 nm
for 8-azaadenine-containing compounds; 275 nm for
4-aminopyrazolo[3,4-d]pyrimidine-containing com-
pounds). For nucleotide incorporation studies
involving 5’-ETFAR or 5'-MTCIAR, the eluting
buffers were adjusted to pH 3.9 and 3.5, respectively,
in order to separate the 2-haloadenine-containing
nucleotides from adenine nucleotides.

Other assays. MTAPase activity was assayed using
a previously described spectrophotometric method
[14]. Protein was determined by the method of Brad-
ford [26], using bovine y-globulin (Sigma) as a
standard.

RESULTS

Cytotoxicity of MTA analogs against MTA Pase-
containing and MTAPase-deficient cell lines. 1f
adenine-substituted analogs of MTA, such as those
in Fig. 1, are substrates of MTAPase, they would
be phosphorolyzed intracellularly, liberating adenine
analog bases of known cytotoxicity, such as 2-fluo-
roadenine [27] or 2,6-diaminopurine [28]. These base
analogs could then be converted to adenine analog
nucleotides by APRT [29, 30] and the enzymes of
adenine nucleotide phosphorylation [31-33]. These
analog nucleotides might then inhibit cell growth by
becoming incorporated into nucleic acids, by inter-
fering with nucleotide synthesis, and other effects
[27,34]. If the above hypothesis is correct, these
MTA analogs should exert cytotoxic effects only on
those cell lines that contain MTAPase; cell lines that
lack MTAPase should be unable to activate these
analogs and, therefore, should be insensitive to these
agents.

To test this postulate, the cytotoxic activities of
these MTA analogs against two cultured human
colon carcinomas lines that contain relatively high
levels of MTAPase [9], the HCT-15 and DLD-1
lines, were compared to their activities against a cell
line which is deficient in MTAPase, the CCRF-CEM
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Tabile 1. In vitro cytotoxicity of various adenine-substituted MTA analogs and their corresponding
bases against MTAPase-containing and MTAPase-deficient human tumor cell lines

HCT-15 DLD-1 CCRF-CEM
colon carcinoma colon carcinoma  leukemia
MTAPase activity* (nmolar units/mg 1.6 £0.2+ 22+0.03 < 0.01
protein) ICspd (uM)
5'-Ethylthio-2-fluoroadenosine (5'- 04=02 0.5+02 >15
ETFAR)
2-Fluoroadenine 0.7x0.0 0.5+02 0.1+0.0
5’-Ethylthio-2,6-diaminopurine ribonucleo- 116 = 4 186 = 29 > 200
side (5-ETDAPR)
2,6-Diaminopurine 423 49 = 10 41 =7
5'-Ethylthio-4-aminopyrazolo[3.4-d]pyrimi- > 200 > 200 > 200
dine ribonucleoside (5'-ETAPPR)
4-Aminopyrazolo{3,4-d]pyrimidine 0.6=x0.1 0504 4+3
5'-Methylthio-2-chloroadenosine (5'- 157 = 40 163 = 26 > 200
MTCIAR)
2-Chloroadenine 351 156 48 = 19
5'-Methylthio-8-azaadenosine (5'- 185 =121 ND§ > 100
MTAzaAR)
8-Azaadenine 478 24+9 68 = 10

* MTAPase activity was determined by the spectrophotometric method described in Ref. 14.

1 Data from Ref. 9.

1 The 1C5o values were determined as described under Materials and methods. Values represent
the mean = S.D. of two to four independent determinations.

§ Not determined.

human T-cell leukemia [15] (see Table 1). In general,
MTA analogs such as 5'-ETDAPR, 5'-MTCIAR,
and 5-MTAzaAR exerted a dose-dependent,
growth-inhibitory effect on the MTAPase-containing
colon carcinoma cell lines, although the 1Cs values
for these analogs were high (100-200 yM). The cor-
responding base analogs, representing the presumed
product of the intracellular interaction of these MTA
analogs with MTAPase, were relatively potent
inhibitors of colon carcinoma cell growth, with 1Cso
values 3- to 11-fold less than those for their coun-
terpart MTA-like nucleosides.

By far, the most cytotoxic MTA analog studied
was the 2-fluoroadenine-containing derivative, 5'-
ETFAR: the 1cs value of this analog for the HCT-
15 colon carcinoma line, 0.4 uM, was some 300- to
450-fold lower than that for any other nucleoside
tested. In fact, 5'-ETFAR was the only MTA analog
whose 1Csp value was similar to that of its correspond-
ing base analog. The 4-aminopyrazolo[3,4-d]
pyrimidine-containing MTA analog, S'-ETAPPR,
was the least growth inhibitory to the colon
carcinoma lines of those tested; even at 200 uM,
5'-ETAPPR inhibited growth only 10-15% relative
to controls. The poor cytotoxicity of 5'-ETAPPR
was in marked contrast to the very strong growth
inhibitory effect of the aglycone, 4-amino-
pyrazolo[3,4-d] pyrimidine (4-APP), suggesting that
5'-ETAPPR is cleaved at a very slow rate, if at all.

In contrast, the growth of the MTAPase-deficient
CCRF-CEM leukemia line was only weakly inhibited
by these adenine-substituted MTA analogs. Even at
200 uM, 5'-ETDAPR, 5'-MTCIAR, and 5'-
ETAPPR caused only modest growth inhibition
(45% or less relative to controls). 5'-ETFAR at a
concentration of 15 uM (over 35-fold greater than
the 1Csp value of this compound for HCT-15 cells)
inhibited CCRF-CEM growth only by 25%. Never-

theless, the CCRF-CEM cells were sensitive to all
of the corresponding base analogs, indicating that
the lack of response of this line to the MTA analogs
is due to its inability to cleave these nucleosides.
Despite the difficulties in comparing ICsy values
obtained from cell lines grown in monolayer versus
those grown in suspension, the striking difference
in the sensitivity of the MTAPase-containing and
-deficient cell lines to these MTA analogs suggests
that the presence of MTAPase is required for the
cytotoxic action of these MTA analogs to be fully
expressed.

Metabolism of MTA analogs in MTAPase-con-
taining and MTA Pase-deficient cell lines. To test the
hypothesis that MTAPase is responsible for gener-
ating cytotoxic adenine-like bases from these MTA
analogs, the metabolism of these MTA derivatives
was compared in the MTAPase-containing and
-deficient cell lines. When 105,000 ¢ supernatant
fluids of sonicated DLD-1 colon carcinoma cells were
incubated for 2 hr with 200 uM 5'-ETDAPR in the
presence of orthophosphate, a substantial portion
of this nucleoside was converted to the corresponding
free base, 2,6-diaminopurine (2,6-DAP), as moni-
tored by reversed-phase HPLC (Fig. 2, A and B).
The putative 2,6-DAP peak was identified based on
the similarity of its retention time and u.v. spectrum
with that of authentic 2,6-DAP. Extracts of the
MTAPase-containing colon carcinoma lines were
also able to cleave 5'-ETFAR, 5'-MTCIAR, and
5’-MTAzaAR to their respective free adenine ana-
logs. However, these extracts were unable to pro-
duce 4-APP from 200 uM 5'-ETAPPR after a 2-hr
incubation period; even after 24 hr, only trace
amounts of 4-APP were formed (results not shown).
In contrast, 105,000 g supernatant fluids of sonicates
of MTAPase-deficient CCRF-CEM cells, at protein
concentrations equivalent to those of the colon car-
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Fig. 2. (A and B): Reversed-phase HPLC profiles demonstrating the liberation of 2,6-DAP from 5'-
ETDAPR in the presence of extracts of MTAPase-containing DLD-1 colon carcinoma cells. Cells
(approx. 7.5 x 10") were grown in 100 mm plastic dishes in RPMI 1640 medium supplemented with
10% fetal calf serum in a humidified incubator maintained in an atmosphere of 95% air: 5% CO, at
37°. When the plates were confluent, cells were harvested in saline with a rubber policeman, washed
in saline, and resuspended in a 50 mM potassium phosphate (pH 7.4), 1 mM dithiothreitol buffer. The
suspension was then sonicated and centrifuged at 105,000 g for 45 min. The resulting supernatant fluid
was dialyzed against several changes of phosphate buffer for 3 hr at 4°. Reaction mixtures (1 ml)
containing 200 uM 5’-ETDAPR, 50 mM potassium phosphate (pH 7.4), and the dialyzed, high-speed
supernatant fluid of DLD-1 cell extracts (500 ug protein) were incubated in a shaking water bath at 37°.
At the indicated times, 0.5-ml aliquots of the reaction mixture were added to 0.125 ml of 20% perchloric
acid at 4°, and, following centrifugation to remove precipitated material, the supernatant fluid was
adjusted to pH 6.5-7.5 with 5 N KOH. The samples were then centrifuged to remove perchlorate salts,
and the supernatant fluids were frozen at —20°. Separation of 2,6-DAP and 5'-ETDAPR was achieved
using the reversed-phase HPLC technique described under Materials and methods. Identification of the
2,6-DAP peak is outlined in the text. (C and D): Reversed-phase HPLC profiles demonstrating the
inability of extracts of MTAPase-deficient CCRF-CEM leukemia cells to liberate 2,6.-DAP from 5'-
ETDAPR. Reactions and chromatography were carried out as described above for the DLD-1 cell line,
except dialyzed high-speed supernatant fluids of CCRF-CEM cells (500 ug protein/ml) were used.
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cinoma extracts, were unable to produce 2,6-DAP
from 5’-ETDAPR (Fig. 2, C and D). In fact, none
of the MTA analogs was cleaved by extracts of this
cell line over a 2-hr incubation period.

Although the above finding indicated that the pres-
ence of MTAPase is required for these MTA analogs
to be metabolized, it was necessary to obtain addi-
tional evidence that MTAPase, and not some other
enzyme, was responsible for the cleavage of these
nucleosides. To examine this, MTAPase from cul-
tured DLD-1 colon carcinoma cells was partially pur-
ified by ammonium sulfate fractionation and Sepha-
dex G150 gel filtration chromatography. As shown
in Fig. 3, cleavage activity of two representative
adenine-substituted MTA analogs, 5'-ETDAPR and
5'-MTCIAR, remained associated with MTAPase
activity, at least at this low level of purification (3-
fold). In addition, these analogs were not cleaved
in the absence of orthophosphate, ruling out any
involvement of a hydrolase in the metabolism of
these derivatives. The analogs were also unable to
react with purine nucleoside phosphorylase (PNP),
the only other known mammalian phosphorylase
that is specific for purine nucleosides. The finding
that these MTA analogs are not substrates of PNP
was corroborated by the observation that these com-
pounds were not phosphorolyzed by CCRF-CEM
extracts, which, despite lacking MTAPase, con-
tained PNP activity at a level (37.6 = 10.8 nmolar

units/mg protein) approximately equivalent to that
found in the colon carcinoma lines [9].

In intact cells, it is expected that any adenine
analog liberated from these MTA derivatives would
be converted to analog adenine nucleotides by the
adenine salvage pathway. To test this, an
MTAPase-containing [9] subline of the DLD-1 colon
carcinoma, designated DLD-1 (Clone A) [23], was
incubated with 250 uM 5’-ETDAPR for 24 hr during
logarithmic growth; for comparison, parallel experi-
ments were performed using equimolar amounts of
the free base analog, 2,6-DAP. The cells were then
examined for analog nucleotide formation by
anion-exchange HPLC (Fig. 4, A-C). The nucleotide
profile of the untreated cells shows only the naturally
occurring nucleotides (monitored at 254 nm); very
little absorbance was noted at 295 nm, a wavelength
that can be used to detect 2,6-DAP-containing
nucleotides [33]. However, in the profiles treated
with 5-ETDAPR, peaks corresponding to 2,6-dia-
minopurine ribonucleoside diphosphate (DDP) and
triphosphate (DTP) appeared. In cells treated with
2,6-DAP, the presumed cytotoxic metabolite, DTP
accumulated to an even greater extent (2-fold) than
in those treated with 5'-ETDAPR during the 24-hr
exposure period. This finding correlated with the
observation that 2,6-DAP is about 3-fold more
cytotoxic than 5'-ETDAPR against the colon car-
cinoma lines (Table 1). It also suggested that the
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Fig. 3. Association of 5'-ETDAPR and 5'-MTCIAR cleav-
age activities with DLD-1 colon carcinoma MTAPase after
partial purification of the enzyme by ammonium sulfate
fractionation and Sephadex G150 gel filtration. High speed
(105,000 g) supernatant fluids were prepared from sonicates
of DLD-1 cells (approx. 4 X 10%) as described in Fig. 2.
These supernatant fluids were then subjected to ammonium
sulfate fractionation; the precipitate that formed between
40 and 65% ammonium sulfate saturation was resuspended
in a 50 mM potassium phosphate (pH 7.4), 1 mM dithio-
theitol buffer. This enzyme preparation, containing approx.
45 nmolar units of MTAPase, was then applied to a
1.75 x 80 cm Sephadex G150 column that had been equi-
librated with the above-mentioned buffer. Gel filtration
chromatography was carried out at a flow rate of 0.3 ml/
min; 2.1-ml fractions were collected. Aliquots (0.3 ml) of
the fractions were assayed for MTAPase activity in reaction
mixtures (1 ml) containing 100 uM MTA, 40 mM potassium
phosphate, and 0.8 umolar units xanthine oxidase, by the
spectrophotometric method as outlined previously [14].
5'-ETDAPR and 5'-MTCIAR cleavage activities were
assayed by monitoring the appearance of the respective
free adenine analogs by reversed-phase HPLC. Reaction
mixtures (0.4 ml) containing 250 uM MTA analog, 40 mM
potassium phosphate, and aliquots (0.3 ml) of the fractions
were incubated in a shaking water bath at 37° for 5 min.
The reaction was stopped, and the samples were processed
as described in Fig. 2. The reversed-phase HPLC method
employed to detect free adenine analog bases is detailed
under Materials and methods. Key: MTAPase activity
(@6——@), 5'-ETDAPR cleavage activity (O - - O), and
5'-MTCIAR cleavage activity (A—--—-— A).

cleavage of S-ETDAPR to 2,6-DAP in these cells
is the rate-limiting step in the formation of 2,6-
DAP-containing nucleotides from this nucle051de
Similar results were obtained with the MTAPase-
containing HCT-15 colon carcinoma line.

In addition, DLD-1 (Clone A) cells were able to
convert 5'-MTAzaAR to 8-azaadenine-containing
nucleotides and 5’-MTCIAR to 2-chloroadenine-
containing nucleotides, although in both cases analog
nucleotide formation from the free base exceeded
that from the nucleoside by several fold. DLD-1 cells
were also able to form 2-fluoroadenine nucleotides
when incubated for 24 hr with 15 uM 5-ETFAR;
indeed, 2-fluoroadenine triphosphate accumulated
in the 5'-ETFAR-treated cells to nearly the same
extent (approx. 65%) as that which occurs in cells
treated with 15 gM 2-fluoroadenine. DLD-1 (Clone
A) cells, however, were not able to form detectable
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levels of 4-APP-containing nucleotides after 24 hr of
incubation with 250 uM 5'-ETAPPR, despite the
finding that 4-APP itself was readily incorporated
into analog nucleotides in this cell line. These results
are consistent with the previously mentioned obser-
vation that 5'-ETAPPR is not phosphorolyzed, even
in extracts from MTAPase-containing cell lines.

In contrast, when MTAPase-deficient CCRF-
CEM cells were incubated with 5'-ETDAPR under
similar conditions (Fig. 4E), no analog nucleotide
formation was detected, even when the incubation
was continued for 48 hr (not shown). CCRF-CEM
cells treated with 2,6-DAP, however, readily formed
2,6-DAP-containing nucleotides (Fig. 4F); in fact,
by 24 hr, a large portion of the cells treated with this
base analog had died, as evidenced by the depletion
of natural nucleotides. None of the five MTA analogs
studied here was converted to analog nucleotides in
this cell line, at least to detectable levels. On the
other hand, analog nucleotides were formed when
these cells were incubated with each of the corre-
sponding free base analogs.

Substrate specificity studies. The apparent kinetic
parameters of MTA and some of its adenine-sub-
stituted analogs with MTAPase present in 105,000 g
supernatant fluids of DLD-1 colon carcinoma
extracts are presented in Table 2. As has been
observed with MTAPase from other sources, the K,,
value of the DLD-1 enzyme for MTA was in the low
micromolar range [6,12,14]. 5'-Deoxy-5'-ethyl-
thioadenosine had virtually the same kinetic con-
stants as does MTA, indicating, as has been noted
previously, that MTAPase is relatively nonspecific
in regard to the alkyl moiety of the thioether [6, 8, 35,
36]. As for the purine ring, it is clear that substitu-
tions can be made at the 2-position (e.g. 5'-
MTCIAR, 5'-ETDAPR) without loss of substrate
activity. Although the values for 5-ETFAR could
not be obtained because of our limited supplies of
this compound, 5'-ETFAR has been shown to
behave as a good substrate of MTAPase from murine
Sarcoma 180 cells (K, =20uM, Vunx rel. to
MTA = 73%) [35]. The kinetic parameters of the
8-substituted derivative, 5'-MTAzaAR, were also
not determined due to its limited availability, but
preliminary studies indicated that this analog has a
relatively poor turnover rate. The only analog which
failed to react with MTAPase was 5'-ETAPPR; this
derivative, in fact, acted as a competitive inhibitor
of the enzyme (with respect to MTA), with a rela-
tively high K; value (35uM). This finding is sig-
nificant in that another 7-deazaadenine derivative
of MTA, 5’-deoxy-5'-methylthiotubercidin, has been
shown to be a noncatalyzed competitive inhibitor of
the enzyme from rat ventral prostate [37], human
lymphocytes [8], and Sarcoma 180 cells [38]. Taken
together, these data suggest that the 7-nitrogen of
the purine ring plays a key role in the catalytic
mechanism of MTAPase.

DISCUSSION

These studies demonstrate that a number of
adenine-substituted analogs of the natural metab-
olite, 5’-deoxy-5'-methylthioadenosine, are sub-
strates of MTAPase, and that their phosphorolysis
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Fig. 4. (A, B and C): Anion-exchange HPLC profiles demonstrating the incorporation of 5'-ETDAPR
and 2.6-DAP into 2,6-DAP-containing nucleotides in cultured DLD-1 (Clone A) colon carcinoma cells.
Cells (5 X 10°) were plated in 60 mm plastic dishes in RPMI-1640 medium supplemented with 15%
horse serum. When the cell number reached approximately 2 x 10° per dish, the medium was replaced
with that containing no additions (A), 250 uM 5'-ETDAPR (B), or 250 uM 2,6-DAP (C). After 24 hr
of incubation in a humidified incubator maintained in an atmosphere of 95% air: 5% CO, at 37°, during
which cells in the untreated dishes underwent approximately one doubling, the medium was removed
and each dish was treated with 1 ml of 4% perchloric acid on ice. After the addition of 0.1 ml of 500 mM
potassium phosphate (pH7.4) to each dish, cell extracts and debris were harvested with a rubber
policeman and centrifuged. The supernatant fluids (1 ml) were adjusted to pH 6.5-7.5 with 5N KOH
and frozen at —20°. The anion-exchange HPLC method employed to separate natural and analog
nucleotides is described under Materials and Methods. 2,6-Diaminopurine-containing nucleotides were
tentatively identified based on their ability to absorb at 295 nm [33]. The profiles shown represent the
nucleotide pools of approximately 3.2 x 10° cells. (D, E and F): Anion-exchange HPLC profiles of
CCRF-CEM leukemia cells treated with 5'-ETDAPR or 2,6-DAP. Cells were grown in suspension in
RPMI 1640 medium supplemented with 15% horse serum under conditions identical to that described
above for the DLD-1 (Clone A) colon carcinoma cells. Following harvest by centrifugation, the cells
were resuspended at a concentration of 10 cells/ml in 10 ml media containing no additions (D), 250 uM
5'-ETDAPR (E), or 250 uM 2,6-DAP (F). After 24 hr of incubation (during which untreated cells
underwent less than one-half of one doubling) the cell suspensions were centrifuged and all but 0.25 ml
of the supernatant fluid was removed; to each of the cell pellets 0.75 ml of 4% perchloric acid and
0.1 ml of 500 mM potassium phosphate (pH 7.4) were added at 4°. The samples were centrifuged, and
1.0ml of the supernatant fluids was adjusted to pH6.5-7.5 with SN KOH. After centrifugation,
supernatant fluids were frozen at —20°, and later analyzed for nucleotides by anion-exchange HPLC.
The profiles shown represent the nucleotide pools of approximately 7.4 x 10° cells.

by this enzyme is a critical step in the conversion of
these compounds to their biologically active metab-
olites. The evidence obtained here is consistent with
the following hypothesis for the mechanism of action
of these compounds. Upon transport into the cell,
these analogs are phosphorolytically cleaved by
cytosolic MTAPase, yielding a free base analog and,
depending upon the analog, either 5-
methylthioribose-1-phosphate or 5-ethylthioribose-
1-phosphate. Once the free base analogs, e.g. 2-
fluoroadenine, are liberated intracellularly, they can

react with 5-phosphoribosyl-1-pyrophosphate as
catalyzed by APRT (as has been demonstrated in
isolated enzyme systems [29,39,40]) to yield the
respective analog 5’-monophosphate nucleotides.
These nucleotides, in turn, are converted to nucleo-
tide diphosphates by adenylate kinase and are
metabolized further to nucleotide triphosphates by
nucleoside diphosphokinase and/or ATP-generating
systems [32]. These analog adenine nucleotides then
may exert growth inhibition by a variety of mech-
anisms; 2-fluoroadenine-containing nucleotides, for
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Table 2. Apparent kinetic parameters of 5'-methylthioadenosine, 5'-ethylthioadenosine, and some of their adenine-
substituted analogs with MTAPase from the DLD-1 human colon carcinoma*

Vmax

K. (uM) (% rel. to MTA) K, (uM)
5'-Methylthioadenosinet 3+0.5 100
5'-Ethylthioadenosinet 1.6+05 92=x3
5'-Methylthio-2-chloroadenosinei 3x1 122 £ 45
5’-Methylthio-§-azaadenosine ND$§ ND
5'-Ethylthio-2,6-diaminopurine ribonucleosidex 2510 103 = 16
5'-Ethylthio-4-aminopyrazolo[3,4-d]pyrimidine ribonucleosidet 35+9
5'-Ethylthio-2-fluoroadenosine ND ND

* Values represent the mean + S.D. of at least two independent determinations.

+ Values were determined using the spectrophotometric assay described in Ref. 14.

t Values were determined by monitoring the formation of base analogs by the reversed-phase HPLC method described
under Materials and Methods. Reaction mixtures (1-2 ml) containing 50 mM potassium phosphate, pH 7.4, 105,000 g
supernatant fluids of DLD-1 colon carcinoma cell sonicates (275-300 ug protein/ml reaction mix), and various concen-
trations of analog nucleosides were incubated in a shaking water bath at 37°; at various times up to 15 min, aliquots were
removed and samples were processed for reversed-phase HPLC as outlined in Fig. 2. Peaks were identified and quantitated

using authentic base analogs as standards.
§ Not determined.

example, have been shown to interfere with purine
de novo synthesis [41], and to inhibit RNA synthesis
[42].

In short, the hypothesis proposes that the cyto-
toxicity of these MTA analogs results primarily from
their metabolic conversion to analog adenine nucleo-
tides by the sequential action of MTAPase and
APRT. The importance of MTAPase activity in the
formation of analog nucleotides, and thus the cyto-
toxic action of these MTA derivatives, is supported
by several findings. Only in MTAPase-containing
cell lines (in these studies, two human colon carci-
noma lines) were the MTA-like compounds con-
verted to analog nucleotides, and, correspondingly,
only in these cell lines did the MTA analogs exert
significant growth inhibition. In accord with the
hypothesis, the MTAPase-deficient CCRF-CEM
leukemia line failed to form analog nucleotides, at
least to detectable levels, from any of the MTA
derivatives, and, correspondingly, was relatively
insensitive to the growth inhibitory effects of these
agents. Importantly, when the CCRF-CEM cells
were treated with any of the various free base analogs
themselves, i.e. when the MTAPase step was cir-
cumvented, analog nucleotides were readily syn-
thesized, and cell growth was strongly inhibited.
These findings indicate that CCRF-CEM cells are
unresponsive to MTA analogs not because of an
inability to convert base analogs to their nucleotide
forms, or some insensitivity to the inhibitory effects
of such analog nucleotides, but rather because of
their relative inability to catalyze the initial step in
the activation pathway of these MTA derivatives,
i.e. phosphorolysis by MTAPase. Nevertheless, it
is difficult to prove that CCRF-CEM cells are com-
pletely unable to cleave these MTA analogs. Even
at a very low rate of cleavage some of these analogs
could effect marked biological actions. For example,
because of the potent growth-inhibitory effect of
2-fluoroadenine, the cleavage of only 0.5% of 15 uM
5'.ETFAR would be enough to account for the low

but definite cytotoxicity of 5'-ETFAR on this cell
line.

Similar results have been obtained using murine
tumor cell lines: the MTAPase-deficient L1210 leu-
kemia line [13] was shown to be insensitive to 5’-
ETFAR (icsp for growth inhibition = > 100 uM),
while the MTAPase-containing L5178Y leukemia
line was found to be highly responsive to this agent
(1cso = 0.3 uM) [21]. The finding that 1.1210 cells are
MTAPase-deficient and, therefore, unable to acti-
vate an MTA analog such as 5'-ETFAR may explain
why 5'-ETFAR had failed to produce a therapeutic
response in mice bearing the L1210 leukemia [19].

The role of APRT in the activation and cytotoxic
effects of MTA analogs was indicated in the original
studies on these compounds, where it was noted that
an APRT-deficient H.Ep.-2 subline resistant to 2-
fluoroadenine was cross-resistant to the 2-
fluoroadenine-containing MTA analog, 5'-ETFAR
[19]. Thus, the apparent requirement for both MTA-
Pase and APRT activities in order for the cytotoxicity
of these MTA analogs to be expressed is consistent
with the view that analog nucleotides are the active
metabolites of these compounds.

On the other hand, additional mechanisms by
which MTA analogs exert their growth inhibitory
effects may exist. For example, analogs related to
5’-deoxy-5'-ethylthioadenosine, such as 5'-ETFAR
or 5'-ETDAPR, would generate 5-ethylthioribose-
1-phosphate upon reaction with MTAPase. Since the
normal product of the MTAPase reaction, 5-
methylthioribose-1-phosphate, has been shown to be
converted to methionine, with carbon atoms 2-5 of
the ribose forming the backbone of the amino acid
[16-18], it is conceivable that its homolog, 5-
ethylthioribose-1-phosphate, might be converted to
the highly toxic antimetabolite, ethionine, by this
same pathway. The metabolic fate of S5-
ethylthioribose-1-phosphate is presently under
study. Furthermore, the nucleosides themselves may
have inhibitory activity. For example, 5'-MTCIAR
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is a weak but definite growth inhibitor of CCRF-
CEM cells, despite there being no evidence for its
metabolism by these cells. Since MTA interferes
with a number of important biochemical reactions
such as spermine synthase [43,44], and inhibits
AdoMet metabolism (for a review, see Ref. 45), it
is possible that certain MTA analogs inhibit cell
growth, in part, by similar mechanisms.

The MTAPase-dependent, two-step activation of
adenine-substituted MTA analogs represents a
unique mechanism for the delivery of adenine ana-
logs into intracellular nucleotide pools, one that may
be exploited chemotherapeutically. In order for
MTA analogs to have high antineoplastic activity,
this activation mechanism requires that the
adenine-substituted MTA analog and its correspond-
ing purine base serve as good substrates for MTA-
Pase and APRT, respectively. Of the compounds
studied to date, the one that best fulfills these criteria
is the 2-fluoroadenine-containing derivative, 5'-
ETFAR. This analog is an excellent alternate sub-
strate of murine Sarcoma 180 MTAPase [35], while
its metabolite, 2-fluoroadenine, is known to be a
good substrate for APRT [29, 39, 40]. In addition,
5’-ETFAR is rapidly metabolized to 2-fluoroadenine
nucleotides in MTAPase-containing cell lines such
as the DLD-1 human colon carcinoma, murine Sar-
coma 180 cells [35], and the L5178Y murine leukemia
(T. M. Savarese, unpublished data). 5'-ETFAR,
with 1Cs values in the 1077 M range, is by orders of
magnitude the most potent inhibitor of cell growth
of all the adenine-substituted MTA analogs in every
system tested thus far, including the H.Ep.-2 line
[19], the L5178Y leukemia (21], and the HCT-15
and DLD-1 human colon carcinoma lines. Never-
theless, S'-ETFAR is not toxic when administered
to mice at 100 mg/kg once every 4 days for three
doses [19], suggesting that normal tissues may be
relatively insensitive to the adverse effects of this
antimetabolite, The high antiproliferative activity of
5'-ETFAR, at least in vitro, coupled with its appar-
ent low toxicity, make this and other 2-
fluoroadenine-containing MTA derivatives the most
promising candidates of this class for development
as antineoplastic compounds. Currently, a series of
such analogs are being formulated and investigated.

As chemotherapeutic agents, adenine-substituted
MTA analogs might be regarded simply as prodrugs
of their corresponding free adenine base analogs.
However, the additional activation step that they
must undergo, i.e. phosphorolysis by MTAPase, may
impart to them pharmacological properties that are
significantly different from, and perhaps superior to,
those of the parent free base analogs. For example,
for reasons not yet understood, the free adenine
analogs are highly toxic (e.g. the maximum tolerated
dose of 2-chloroadenine in mice is 20 mg per kg per
day [46]), whereas, on the basis of limited studies
to date, the MTA analogs appear relatively nontoxic
[19]. Also, since it would be expected that tissues
that contain relatively high levels of MT APase would
metabolize MTA analogs to a greater extent than
tissues with relatively low levels of this enzyme, the
MTA-like compounds may exhibit some organ speci-
ficity. The prostate, whose function in providing the
seminal fluid with millimolar levels of spermidine
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and spermine (as in the rat) or spermine (as in the
human [47]) necessitates the presence of an active
mechanism for metabolizing MTA and recycling its
components, is one such potential target tissue. The
use of these MTA analogs in the treatment of car-
cinomas of prostatic origin, or in the control of
prostatic hypertrophy, should therefore be explored.
These analogs might, in fact, be effective against any
malignant or normal cell type that is rapidly turning
over MTA, presumably as a consequence of high
polyamine biosynthetic activity. The potential use
of MTA analogs in the chemotherapy of cancer has
been discussed elsewhere [35, 38, 48].
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