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Absence of Methylthioadenosine Phosphorylase in Human Gliomas1
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ABSTRACT

All normal mammalian tissues contain methylthioadenosine phospho-
rylase, which plays a role in the recycling of purines and methionine
consumed during polyamine synthesis. A complete deficiency of methyl
thioadenosine phosphor) lase has been reported in some human leukemias
and lymphomas and in a few solid tumors. The exact incidence of the
enzyme deficiency among fresh human tumor specimens has been difficult
to establish because the measurement of enzyme catalytic activity is
laborious and requires carefully preserved specimens. We have generated
two antibodies against methylthioadenosine phosphorylase and have used
them to develop a simple immunoblot assay for the enzyme. Specifically,
studies showed that all cells with catalytically active methylthioadenosine
phosphorylase had a 32-kDa band that reacted with the anti-enzyme
antibodies. In a reciprocal manner, all malignant cell lines that were
naturally deficient in methylthioadenosine phosphorylase activity lacked
detectable immunoreactive enzyme protein. The immunoassay was used
to analyze human gliomas. Seventy-five % (9 of 12) of the gliomas were
completely methylthioadenosine phosphorylase deficient. This common
metabolic difference between most gliomas and all normal cells is a
potential target for tumor-specific chemotherapy.

INTRODUCTION

MeSAdo1 phosphorylase (methylthioadenosine:orthophos-

phate methylthioribosyltransferase) was first described in rat
prostate tissue (1). The substrate for this enzyme, MeSAdo, is
produced during the synthesis of the polyamines spermidine
and spermine and is cleaved into adenine and 5-methylthiori-
bose 1-phosphate, which are recycled to AMP and methionine,
respectively. MeSAdo phosphorylase activity has been reported
to change during the cell cycle (2). Recently, MeSAdo phos
phorylase has been homogeneously purified from human pla
centa (3). The enzyme has a molecular mass of 98 kDa and is
composed of three identical subunits of 32 kDa.

MeSAdo phosphorylase is abundant in all normal tissues and
in cell lines derived from normal cells (4). In contrast, many
murine and human malignant cell lines are deficient in MeSAdo
phosphorylase activity (4, 5). The deficiency is not confined to
tissue culture cells. From 10-20% of human leukemias, as well
as a few melanomas, lung carcinomas, and rectal adenocarci-

nomas have been reported to lack MeSAdo phosphorylase (6,
7). However, because the assay for MeSAdo phosphorylase
catalytic activity requires commercially unavailable radiochem-
ical substrates, and because the enzyme activity is unstable, the
true incidence of the deficiency in naturally occurring human
tumors has not been clearly established.

To overcome this problem, we have generated antibodies
against MeSAdo phosphorylase. In immunoblots, the antibod-
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ies bound to the 32-kDa MeSAdo phosphorylase subunit in all
enzyme-positive cell lines. In contradistinction, no naturally
occurring enzyme-deficient malignant cell line had immunore
active MeSAdo phosphorylase protein. Having established the
validity of the immunoassay, we used it to assess MeSAdo
phosphorylase in human gliomas. The results showed that 9 of
12 glioma cell lines and tumors had undetectable enzyme pro
tein. MeSAdo phosphorylase deficiency thus represents a de
fined metabolic abnormality that distinguishes a common and
usually incurable human solid tumor from normal cells.

MATERIALS AND METHODS

Cell Lines and Tumor Biopsies. The cell lines studied are listed in
Table 1. Among human leukemic cell lines, BV173, K562, K-T1, and
SUP-T8 were provided by Dr. M. O. Diaz (University of Chicago) and
Molt-16 was provided by Dr. J. Minowada (Fujisaki Cell Center,
Okayama, Japan). MeSAdo phosphorylase-deficient variants of murine
T-lymphoma cell line R 1.1 were isolated following mutagenesis, as
described previously (8). Clone H is completely deficient in MeSAdo
phosphorylase (<0.1% of wild-type activity), whereas clone F is nearly
deficient (approximately 6.6% of wild-type enzyme activity).

Brain tumor biopsies were obtained during surgery and were imme
diately frozen at â€”70Â°Cfor immunoblot assay. The pathological diag

nosis was determined by the surgical pathology division at Scripps
Clinic and Research Foundation.

MeSAdo Phosphorylase Assay. Enzyme activity was measured by the
radiochemical method of Pegg and Williams-Ashman (1), using
[methyl-'H]MeSAdo as the substrate, exactly as described earlier (9).

The protein concentrations were determined by the method of Bradford
(10).

Anti-Enzyme Antibodies. MeSAdo phosphorylase was purified from
bovine liver as described by Della Ragione et al. (11). Several tryptic
peptides from the isolated enzyme were sequenced. Based upon the
sequences obtained, peptides 40 (18 amino acids long) and 51 (14
amino acids long) were synthesized by a modification of the Merrifield
solid-phase method as described before (12). All peptides contained a
cysteine residue at the carboxy terminus to facilitate chemical coupling
to the carrier protein, KLH, with /n-maleimidobenzoyl-A'-hydroxysuc-

cimide ester, as described by Liu et al. (13).
New Zealand white rabbits (two rabbits per peptide) were immunized

on a bimonthly basis with the peptide-KLH conjugates. The initial
injections contained 1 mg of synthetic peptide-KLH conjugate emulsi
fied in Freund's complete adjuvant. Booster injections had 1 mg of
antigen in incomplete Freund's adjuvant. After 3-4 injections, sera

were partially purified with 50% saturated ammonium sulfate and were
screened for anti-peptide and anti-MeSAdo phosphorylase reactivities
by ELISA.

ELISA. Microtiter plates were precoated with peptides or MeSAdo
phosphorylase at 10 Mg/m' in BBS (0.2 M sodium borate-0.15 M NaCl,
pH 8.5) overnight at 4Â°C.The plates were washed once in BBS con

taining 0.05% Tween 20 and then were incubated for 4 h with BBS
containing 1% bovine serum albumin to block nonspecific binding sites.
Several dilutions of a control serum or peptide-induced antisera were
then applied in 0.1-ml aliquots and incubated overnight. The plates
were washed twice with BBS containing 0.05% Tween 20, and then
exposed for I h to alkaline phosphatase-labeled goat F(ab')2 anti-rabbit

immunoglobulin (Jackson Laboratories, Inc., West Grove, PA) at a
dilution of 1:1000 in BBS. After the plates were washed, 0.2 ml of 0.1
M/7-nitrophenyl phosphate disodium in 0.1 M NaHCOj, pH 9.0, was
added to each well. The absorption at 405 nm was measured 30 min
later.
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Table 1 MeSAdo phosphoiylase activities in cell lines
Enzyme activities were measured radiochemieally. Each value is the mean of

at least two determinations and is expressed as nmol of product formed/min/mg
of protein.

CelllineHumanBV173CEMDHL-9HSB2K562K-TIMolt-4Molt-16NALL-1SUP-T8U937U-87MG*U-138MG*U-373MG*A

172*T98G*Hs683*BovineMDBK*MonkeyCOS1Vero*MouseR

1.1 wildtypeR
1.1 cloneFRl.l

cloneHL1210Cell

typeCMLÂ°ALLMalignant

lymphomaALLCMLALLALLALLALLALLHistiocytic

lymphomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGlioblastomaGliomaNormal

kidneyNormal

kidneyNormal
kidneyLymphomaLymphocytic

lymphomaEnzyme

activities0.42<0.01<0.01<0.01<0.01<0.010.590.58<0.010.260.29<0.01<0.010.34<0.010.50<0.010.440.77<0.011.360.09<0.01<0.01

* CML, chronic myelogenous leukemia; ALL, acute lymphocytic leukemia.
* Cells were obtained from American Type Culture Collection (Rockville, MD).

Immunoblot Analysis. The reactivity of the anti-peptide antisera with
MeSAdo phosphorylase was assessed by an immunoblot method as
described previously (14). Briefly, either purified MeSAdo phosphoryl
ase protein or crude cell extracts (10-150 ^g/lane) were separated by
electrophoresis in 12.5% polyacrylamide gels containing 0.1% sodium
dodecyl sulfate (15). After electrotransfer to nitrocellulose membranes
(0.45 mm; Bio-Rad, Richmond, CA), nonspecific binding sites were
blocked with 3% powdered milk in BBS. The proteins were then probed
for 16 h at room temperature with antisera diluted 1:500 in BBS
containing 3% powdered milk. After the proteins were washed exten
sively with BBS, reactive bands were detected by the binding of I25I-

protein A (1 mCi/ml; ICN Radiochemicals, Irvine CA) for 1 h. The
membranes were washed and blotted onto paper towels and exposed to
Kodak XAR-5 film at -70Â°C.

Specificity studies were carried out by inhibition of serum-immuno-
blotting activity with the peptides used to immunize the rabbits or with
partially purified MeSAdo phosphorylase. Antisera at a dilution of
1:500 were preincubated with either peptide or MeSAdo phosphorylase
at 50 Mg/ml for l h at room temperature and then added to the blots.
Otherwise, immunoblot analyses were carried out as described above.

Quantitation of MeSAdo Phosphorylase Protein in Cells. To estimate
the cellular content of MeSAdo phosphorylase, a semiquantitative
immunoblotting procedure was used. Cell extracts prepared from en
zyme-positive cells were electrophoresed on a 12.5% polyacrylamide
gel containing 0.1 % sodium dodecyl sulfate along with various amounts
of MeSAdo phosphorylase which was purified from bovine liver. Im
munoblot analyses were carried out as described above. The bands on
the autoradiographs were scanned with a desitometer (Bio-Rad) and
were quantitated using a calibration curve obtained from the immuno-
reactive bands of the purified enzyme.

RESULTS

The reactivities of the two antisera with MeSAdo phospho
rylase peptides or with purified enzyme protein were determined
by ELISA and immunoblotting. As measured by ELISA, both
peptide-KLH conjugates induced high titer antibodies against
MeSAdo phosphorylase. Antiserum 6117 raised against peptide

40 showed 50% maximal response against the immunizing
peptide at a 1:5000 dilution and against purified MeSAdo
phosphorylase at a 1:1500 dilution. Antiserum 6120 raised
against peptide 51 showed 50% anti-peptide response at a
1:10,000 dilution and reacted with the enzyme at a 1:4000
dilution.

Fig. 1 illustrates immunoblots of purified bovine MeSAdo
phosphorylase probed with the two antibodies. The specificities
of the two antisera were established by blocking experiments,
in which immunoblots were probed with antisera preincubated
with either peptide or MeSAdo phosphorylase. The reactivity
of each antisera with MeSAdo phosphorylase was completely
inhibited by preincubation with the same peptide as that used
for immunization. Furthermore, the reactivities of antisera
decreased significantly (>50%), when the antisera were prein
cubated with intact MeSAdo phosphorylase. On the other hand,
when antisera against peptides 40 and 51 were preincubated
with another MeSAdo phosphorylase peptide (peptide 22),
there was no significant inhibition of the reactivity with Me
SAdo phosphorylase (Fig. 1). In addition to a single major band
corresponding to the 32-kDa subunit of MeSAdo phosphoryl
ase, several minor bands were observed on the autoradiographs.
These were nonspecific, since the identical bands were detected
using preimmune sera and were not inhibitable by preincubation
with peptides (results not shown). Collectively, these results
indicate that antisera 6117 and 6120 were both specific for
MeSAdo phosphorylase.

To test whether or not the antisera had species specificity,
cell extracts made from human, cow, mouse, and monkey cells
were analyzed by immunoblotting. As illustrated in Fig. 2,
antiserum 6117 recognized the enzyme protein in the cells of
all species analyzed (similar results were obtained with antisera
6120). Compared to MDBK (cow) cells, mouse, human, and
monkey cells displayed weaker immunoreactivity in this order,
when the same amount of total cell protein was analyzed by gel
electrophoresis. Based upon a standard curve obtained with
purified MeSAdo phosphorylase (Fig. 3), we estimate that
bovine MDBK cells contain 0.25 ng MeSAdo phosphorylase/
mg protein.

Approximately 20% of human leukemic cell lines have no
detectable MeSAdo phosphorylase catalytic activity (4). How
ever, it is unknown whether these cell lines have immunoreac-
tive enzyme protein. To address this issue, several cell lines
with no detectable enzyme activity were analyzed by immuno
blotting with the anti-enzyme antibodies. As illustrated in Fig.
2, all of eight enzyme-positive cell lines, but none of eight
enzyme-deficient cell lines, had immunoreactive enzyme pro-

peptlde 40 -

peptide 22 -

MeSAdoase -

^inhibition 72 100 28

B

peptide 51

peptide 22

MeSAdoase

^inhibition 66 100 38

Fig. 1. The specificity of anti-peptide antibodies for purified MeSAdo phos
phorylase (MeSAdoase). Specificity studies were carried out by inhibition of
immunoblotting activity of antibodies 1.1.6117; I!. 6120) with the peptides used
to immunize rabbits or purified enzyme as described in "Materials and Methods."

An irrelevant peptide (peptide 22) was used as a control.
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Fig. 2. Comparison of enzyme-positive and -negative cell lines by immunoblot
analysis. A, enzyme-positive and -negative cell lines of different species along with
purified bovine MeSAdo phosphorylase. B, human leukemia cell lines either
having or lacking MeSAdo phosphorylase. C, mutant clones isolated from paren
tal R 1.1 cells along with LI210 cells lacking the enzyme activity naturally. WT,
wild type.
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Fig. 3. Immunoblot analysis of purified bovine MeSAdo phosphorylase and

seven different enzyme-positive cell lines. In this experiment, either purified
enzyme at the indicated amounts or crude cell extracts (100 jig/lane) were
separated electrophoretically, transferred to nitrocellulose membranes, and
probed with antibody 6117.

tein. Similar results were obtained with both antibodies. One
could attribute the absence of immunoreactive proteins in cell
lines having no detectable enzyme activity to the monospecific-
ity of a single antiserum for a certain region of the enzyme
protein, which might be deleted or mutated in these cell lines.

a

32KDa â€”

Mr-â€¢HOy*oPCO
00p
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B
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Fig. 4. Immunoblot analysis of the human brain tumor cell lines (I I and
primary brain tumors (A). In this experiment, crude cell extracts (50 and 25 /jg/
lane for cell lines and primary tumors, respectively) were separated electrophor
etically, transferred to nitrocellulose membranes, and probed with antibody 6117.
Molt-4 cell line was used as a positive control. B: lanes 1-6, cases 1-6 shown in
Table 2; lane 7, MDBK cells as a positive control.

Table 2 Histological diagnosis of patients with brain tumors
Biopsy specimens were removed during routine surgery, and tissue sections

were examined by a single pathologist.

Case1

PR2RS3LM4SM5GRA6GKAge

<>r)a6075394567SexaFMFMFHistologicaldiagnosisAstrocytoma

(gradeIV)Glioblastoma
multiformeGlioblastoma
multiformeAstrocvtomaAstrocytomaOligoastrocytoma

Â°No further information was obtained.

Although we do not know how closely peptides 40 and 51 are
located in the MeSAdo phosphorylase molecule, it seems un
likely that these two regions would be simultaneously deleted
or mutated. Therefore, these data indicate that enzyme-deficient
cell lines have no immunoreactive MeSAdo phosphorylase.

The possibility remained that various mutational alterations
in MeSAdo phosphorylase reduced the rate of enzyme synthesis
or accelerated enzyme degradation, such that little or no enzyme
protein remained in the cell extracts. To address this possibility,
two MeSAdo phosphorylase-deficient somatic mutant clones
of the mouse Rl.l cell line were studied. These cells were
selected by "tritium suicide" with MeSAdo labeled in the ade-

nine moiety, as described previously (8). As shown in Table 1,
clone F has 6.6% of wild-type MeSAdo phosphorylase activity,
while clone H is completely enzyme deficient. Despite the
partial or complete lack of MeSAdo phosphorylase, both clones
have readily detectable immunoreactive enzyme protein (Fig.
2). In contrast, the mouse L1210 cell line, which naturally lacks
enzyme activity, has no immunoreactive enzyme protein.

Having verified the specificity and sensitivity of the immu-
noassay for MeSAdo phosphorylase, we used the antibodies to
analyze eight human glioma cell lines. Sixty-seven % (4 of 6)
were entirely deficient in immunoreactive enzyme (Fig. 4). The
lack of MeSAdo phosphorylase was confirmed by direct enzyme
assay (Table 1). We then analyzed six successive biopsy speci
mens from human gliomas, with different histological charac
teristics (Table 2). Five were entirely deficient (Fig. 4). Control
experiments showed that normal human brain has abundant
MeSAdo phosphorylase activity.4 Thus, complete MeSAdo

phosphorylase deficiency is a common and specific metabolic
abnormality in human gliomas.

4 T. Nobori. F. Della Ragione, and D. A. Carson., manuscript in preparation.
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DISCUSSION

In the present experiments, two high titer antibodies to
MeSAdo phosphorylase peptides were used (a) to quantitate
the enzyme protein in bovine cells, (b) to compare immunolog-
ical cross-reactivities among the enzymes from different species,
(c) to search for immunoreactive enzyme in both naturally
occurring MeSAdo phosphorylase-deficient cell lines and en
zyme-deficient cells selected following in vitro mutagenesis, and
(</) to identify MeSAdo phosphorylase deficiency in human
glioma biopsies and cell lines. In immunoblots, the antibodies
identified the 32-kDa monomeric subunit of purified bovine
MeSAdo phosphorylase and a band of the same molecular mass
in extracts of enzyme-purified cow, human, monkey, and mouse
cells. Antibody binding was inhibited specifically by preincu-
bation with the respective immunizing peptides but not by
irrelevant peptides. Both anti-peptide antibodies thus reacted
specifically with the MeSAdo phosphorylase protein.

Della Ragione et al. (11) described attempts to produce
antibodies against native bovine MeSAdo phosphorylase. Fol
lowing a laborious purification procedure, they obtained 2.4 mg
enzyme protein from 1 kg liver. Our estimate of 0.25 Mg
MeSAdo phosphorylase/mg protein in MDBK cells is in accord
with these data and indicates that the enzyme is present in
relatively low amounts in most cells. The purified enzyme was
found by Della Ragione Ã©tal,to be nonimmunogenic in rabbits,
guinea pigs, and goats, unless it was coupled to Kill or agarose
prior to immunization. These results led the investigators to
conclude that the structure of MeSAdo phosphorylase was
conserved among different mammalian species. The interspe-
cies cross-reactivity of two different anti-peptide antibodies
prepared against sequences corresponding to the bovine en
zyme, as reported here, support these earlier conclusions.

The broad cross-reactivity of the anti-enzyme antibodies en
abled us to search for the presence of immunoreactive MeSAdo
phosphorylase in naturally occurring enzyme-deficient cell lines
of mouse (L1210), monkey (Vero), and human (CEM, K-T1,
NALL-1, K562, DHL-9, HSB2) origin. None of these cell lines
displayed immunoreactive 32-kDa MeSAdo phosphorylase
polypeptide. In marked contrast to the results obtained with
naturally enzyme-deficient malignant cells, neither of two the
MeSAdo phosphorylase clones selected from the murine T-
lymphoma cell line R I.I by mutagenesis and tritium suicide
with [3H]MeSAdo was deficient in immunoreactive enzyme

protein. Related tritium suicide methods have been used for the
selection of mammalian cells with structural gene mutations
(16-19). The fact that clone F had 6.6% of wild-type enzyme
activity, and a normal amount of immunoreactive protein, is
consistent with a structural gene mutation. Thus, our results
suggest that mutations that destroy most MeSAdo phosphoryl
ase catalytic activity do not necessarily deplete immunoreactive
enzyme protein. In contradistinction, the naturally MeSAdo
phosphorylase-deficient L1210 mouse leukemia cell line had
no immunoreactive enzyme protein. Consistent with these con
clusions, we have shown that the enzyme deficiency in LI210
behaves as a recessive characteristic in intraspecies somatic cell
hybrids (20) and, hence, is not secondary to a transacting factor
that inhibits enzyme expression.

The naturally enzyme-deficient cells analyzed, CEM, K-T1,
NALL-1, and K562 are known to have cytogenetic abnormali
ties in the short arm of chromosome 9 (21). It is important to
note that the locus of MeSAdo phosphorylase (designated
MTAP) has been assigned to this same region (22). Further
more, the above-mentioned cell lines are hemizygous or nulli-

zygous for the interferon-cv and interferon-/31 genes, which have
been mapped to chromosome 9p 13-22 and 9p22, respectively
(23). Taken together, these results suggest that the enzyme
deficiency in these four cell lines may be attributed to an
alteration of the region on chromosome 9 encompassing the
MTAP locus, although the precise mechanism producing the
deficiency remains to be determined.

Approximately 50% of human gliomas have structural re
arrangements affecting chromosome 9 (24). Therefore, we used
the rapid immunoassay to quantitate MeSAdo phosphorylase
activities in glioma cell lines and fresh tumor biopsies. Nine of
12 tumors (75%) were completely MeSAdo phosphorylase de
ficient. The six tumor biopsies studied included astrocytomas,
an oligoastrocytoma, and two glioblastomas multiforme. All
normal human tissues, including brain, contain MeSAdo phos
phorylase.5 Moreover, other studies have shown that RBCs
from patients with MeSAdo phosphorylase-deficient neoplasms
have normal enzyme activity (7). Thus, the high frequency of
MeSAdo phosphorylase deficiency in human gliomas is related
to their malignant phenotypes.

Several chemotherapeutic regimens have been described for
the selective killing of MeSAdo phosphorylase-deficient leuke
mia cells (4). Because of the problems associated with potential
metabolic cooperation between leukemic and normal leuko
cytes, these strategies have not been tested in vivo. However,
no adequate chemotherapy exists for human gliomas, and the
incidence of these is increasing, particularly in patients older
than 65 years (25). The relatively confined growth pattern of
gliomas, and the absence of any effective alternative, may make
MeSAdo phosphorylase a reasonable target for tumor-specific
chemotherapy. Animals undergoing a MeSAdo phosphorylase-
deficient tumor transplantation displayed elevated plasma
MeSAdo levels, in proportion to the tumor burden (26). Hence,
it may be feasible to diagnose gliomas, and follow their response
to therapy, by the measurement of MeSAdo concentrations in
cerebrospinal fluids. With the simple enzyme immunoassay
described here, and the available assays for MeSAdo phospho
rylase, it should now be possible to determine with precision
the prevalence and metabolic consequences of MeSAdo phos
phorylase deficiency in a diverse series of human brain tumors.
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