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SUMMARY

MICHELOT, ROBERT J., LESKO, NADINE, STOUT, RICHARD W. & COWARD, JAMES K.

(1977) Effect of S-adenosylhomocysteine and S-tubercidinylhomocysteine on cate-

cholamine methylation in neuroblastoma cells. Mol. Pharrnacol. , 13, 368-373.

Methylation of dopamine in neuroblastoma cells was studied by measuring the forma-

tiom of [3H]3-methoxytyramine from [3H]dopamime. Analyses of the cellular extracts by
high-pressure liquid chromatography afforded a means of monitoring cellular dopamine
metabolism. S-Ademosylhomocysteine and the 7-deaza analogue, S-tubercidinylhomo-

cysteine, both known to inhibit catechol O-methyltransferase in vitro, were used to
block the methylatiom of dopamine in these cells. Both drugs inhibited the formation of
3-methoxytyramine, with an accompanying increase in the synthesis of a material
tentatively identified as dopamine 3-sulfate. In this work and in previous work on tRNA
methylation in phytohemagglutinim-stimulated rat lymphocytes [(1975) Mol. Pharma-

col. , 11, 701-707], the 7-deaza analogue was consistently more effective than the natural
product inhibitor, S-ademosylhomocysteine. These results are discussed in terms of
possible differences in transport and/or metabolism of the drugs.

Circulating catecholamines are metabo-
lized via oxidative deamination catalyzed
by monoamine oxidase (EC 1.4.3.4) and/or
methylatiom catalyzed by catechol 0-
methyltransferase (EC 2. 1. 1 .6). The use of
monoamine oxidase inhibitors to maintain

elevated catecholamime levels in vivo is
well documented (1). However, the conse-
quences of inhibiting catecholamine meth-

ylation in vivo are not known. We have
been developing a mew type of catechol 0-

methyltransferase inhibitor based on the

potent inhibition of this enzyme by one of
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its reaction products, S-ademosyl-L-homo-

cysteine (2, 3). The most potent SAH3-like
inhibitor of catechol 0-methyltransferase
developed in our laboratory (4) or others’
(5) is the 7-deaza analogue, S-tubercidi-
mylhomocysteine. We have shown that the
7-deaza analogue inhibits catechol 0-
methyltransferase with K1 = 30 p.M, com-

pared with K1 = 20 jtM for SAH inhibition
(4). In the present work we have used mu-
rime neuroblastoma cells as a model sys-

tem, since they have many properties and
contain many of the enzymes found in ad-

remergic and dopaminergic neurons (6),
and the metabolism of catecholamimes in

these cells is well studied (7). The effect of
the catechol 0-methyltransferase inhibi-

3 The abbreviations used are: SAH, S-adenosyl-

homocysteine; STH, S-tubercidinylhomocysteine (7-

deaza analogue of SAH).
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tors, SAH and its 7-deaza, analogue on the
metabolism of [3H]dopamine in neuroblas-

toma cells is the subject of this communi-
cation.

Dulbecco’s modified Eagle’s medium,
phosphate-buffered NaCl, penicillin and

streptomycin solution, and 2.5% trypsim
solution were purchased from Grand Is-
land Biological Company; fetal calf serum,

from Flow Laboratories; trypan blue (di-
rect blue 14), from Matheson, Coleman,
and Bell; and plastic flasks and Petri

dishes, from Falcon Plastics Company

[3H]Dopamine (2-10 Ci/mmole) was pur-
chased from New England Nuclear Corpo-
ration. S-Adenosyl-L-homocysteine was

obtained from Boehrimger/Mannheim, and
S-tubercidinyl-DL-homocysteine was syn-
thesized in this laboratory (4). Adenosine
was purchased from Nutritional Biochemi-
cals Corporation, tubercidin was a gift of
Dr. John Whitfield of the Upjohn Com-
pany, and Di�-homocysteine was synthe-
sized by Dr. Wolfgang Gunther. Nialam-
ide, ascorbic acid, 3-methoxytyramine,

vanillylmandelic acid (DL-4-hydroxy-3-
methoxymandelic acid), and homovanil-

lic acid (4 - hydroxy - 3 - methoxyphenyl-
acetic acid) were purchased from Sigma.
Dopamine was obtained from Mann Re-

search Laboratories, and L-norepineph-
rifle, from Aldrich Chemical Company.

Stock cultures ofN-18 and N1E-115 neu-
roblastoma cells were maintained in 75-
�2 plastic flasks in growth medium sup-

plemented with 5% fetal calf serum, peni-
cillin (100 units/mi), streptomycin (100 �g/
ml), and 2.2 g of sodium bicarbonate per

liter in an atmosphere of 5% CO2 and 95%
air saturated with H2O at 37#{176}.Cells were
subcultured by mechanically dislodging
them from the plastic surface without the
aid of trypsin. For each experiment, the
cells were plated on 100-mm plastic Petri
dishes at a concentration of 10�-10� cells/
ml, in 10 ml ofmedium supplemented with

10% fetal calf serum. After 4 days in this
medium, the cells were fed With medium
supplemented with 5% fetal calf serum
and fed at 1-2-day intervals for 1-2 weeks
prior to experimentation, at which time
monolayers were 80% confluent (10�-10�

cells) and the majority of cells had formed

extensive meurites. For viability studies,
the medium was decanted off, and suspen-
sions of cells were obtained by incubation
of the monolayer cultures for 5 mm at 37#{176}
in a solution of0.25% trypsin in phosphate-

buffered NaCl. The growth of the cell pop-
ulation was determined by counting the
cells in a suspension with a hemocytome-

ter or Coulter counter. The viability of the
cells in suspension was determined after
staining the cells with a solution of 0.4%

trypan blue (8).
Immediately upon removal from the in-

cubator, momolayers were rinsed gently
three times with 1 ml of an isotonic modi-
fled Dulbecco’s phosphate-buffered NaCl
medium (9) containing 129 m� NaCl, 2.5
mM KC1, 7.4 mM Na2HPO4, 1.3 m�i
KH2PO4, 0.63 mM CaC12, 0.74 m� MgSO4,
5.3 m� glucose, 46 mM sucrose, 0. 1 mM

ascorbic acid, and 0.02 m� nialamide, pH
7.2. Cells were incubated in this buffer (3

mi/dish) in an atmosphere of 5% CO2-95%
air for 90 mm at 37#{176}.In some experiments,

cells were incubated for 5 mm with drug
(see Table 1) before incubation with
[3Hldopamine (10-20 MCi; 0.64-1 .28 p.M).

Cell viability in the presence of 56 j.�M

SAH and the 7-deaza analogue was shown
to be at least 90% of drug-free controls
grown under the conditions described

above.
After incubation, the dishes were frozen

(at approximately -4#{176})for at least 1 hr.
The dishes were thawed at 37#{176}on a water
bath (or gently with an air dryer), and the
solutions were pipetted into test tubes,
then frozen and thawed three times with
an acetone-Dry Ice bath. Microscopic ob-
servation of the mixtures showed that all
cells were broken after this treatment.
When measuring the catechol 0-methyl-
transferase activity of the homogenates,
we estimated the concentration of protein
by determining the optical density at 260
and 280 nm (10). To each homogenate were

added 100 pi of 10% trichioracetic acid, to
give a mixture of about pH 3. These mix-

tures were kept for 10 mm in a water bath

at 37#{176}to flocculate the protein, and the
acidified homogenates were centrifuged at
27,000 x g for 90 mm. After this centrifu-

gation, the radioactivity remaining in the
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(I May be compared with data ofref. 15 for reverse-phase chromatography ofa non-drug-treated extract of

N-18 cells: 42.4�% 3-methoxytyramine, 8.8% homovanillic acid, and 47.8% dopamine 3-sulfate.

supernatant was 77-99% of the initial ra-
dioactivity in the incubation medium. An
aliquot of each supermatant was kept fro-
zen for chromatography (solution A). The
supermatants (2.0 ml) were then neutral-
ized with 0.5 ml ofTris buffer (4 M, pH 8.0)
and poured into test tubes, each contain-
ing 1.0 g of alumina (3). The solutions
were stirred vigorously (Vortex mixer) for
1 mm and centrifuged. The supernatamts,

which were kept frozen for chromatogra-

phy (solution B), contained 20-36% of the
radioactivity originally in the incubation
solution.

Thin-layer chromatography of catechol-

amines is a well-documented technique
(11-14). We worked primarily with coated
Eastman cellulose plates eluted with 1-

butanol-acetic acid-water (100:20:60) ac-

cording to Vahidi and Sankar (12). Au-
thentic samples of catecholamine metabo-
lites were spotted with aliquots of solu-
tions A and B (10-20 �tl; 10,000-20,000
cpm), and the plates were then eluted and
cut into small strips (2 x 0.5 cm). Each
strip was extracted for 10 mm in a scintil-
lation vial with 200 �l of 0. 1 N HC1; 10 ml
of Aquasol were added, and the solutions
were counted for radioactivity determina-
tion. The radioactivity of each strip was
plotted against its location on the chroma-

togram. Under these conditions the typical

graphs for solutions A and B showed es-
sentially three different metabolite peaks

of varied intensities: (a) nomeluted com-
pounds at the origin, (b) 3-methoxytyra-
mine plus metanephrine, and (c) homova-
millic acid and vanillylmandelic acid. In

our preliminary work we focused on the 3-
methoxytyramine peak, since other me-

tabolites, present in larger amounts, are
poorly separated by the thin-layer chro-
matographic technique. Because of this

poor separation of many catecholamime
metabolites (see below) we developed an

analytical method utilizing high-pressure
liquid chromatography (15). Qualitative,

preliminary results reported in this paper
were obtained using thin-layer chromatog-
raphy, whereas quantitative analyses of
the drug effects (Table 1) were obtained by
high-pressure liquid chromatography with
a microparticle reverse-phase column op-
erated isocratically in 1.0 M sodium ace-
tate, pH 4.6, at a flow rate of 0.46 ml/mim.

Although catechol O-methyltransferase

activity has been demonstrated previously
in neurobastoma cells (16, 17), we felt it
necessary to establish that it was similar
to the rat liver enzyme in terms of product
inhibition by SAH (3) and its 7-deaza ama-
logue (4). A crude cell homogenate was
obtained as previously described (16), and
was shown to have catechol 0-methyl-

TABLE 1

A nalvsis of [:iHjdopam me metabolites isolated from neuroblastoma cells

Results are expressed as percentage of total isotope recovered from the column ( 15). The final concentra-

tion of SAH and the 7-deaza analogue was 56 j.�M. The final concentrations of adenosine, tubercidin, and

homocysteine were 48, 45, and 57 �.LM, respectively.

N-18 N1E-115 TG6

3-Meth- Homova- Dopa- Inhibi- 3-Meth- Homo- Dopa- Inhibi-
oxytyra- nillic acid mine 3- tion of oxytyra- vanillic mine 3- tion of

mine sulfate 3-meth- mine acid sulfate 3-meth-
oxytyr- oxytyr-
amine amine
forma- forma-

Drug tion tion

cf % #{231}7� % % % % %

None 41.3” 9.7” 48.0” 30.2 0 66.8

SAH 26.0 12.0 60.4 37 13.3 0 83.9 56

STH 10.6 13.6 74.2 74 6.0 0 90.8 80

Adenosine 27.1 13.1 55.2 34 21.1 0 75.0 30

Tubercidin 27.2 13.6 56.4 34 23.0 0 74.5 24

Homocysteine 33.4 13.6 50.4 19 29.1 0 67.4 4
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transferase activity when assayed by the

method of Nikodejevic et al. (18). The rate
of methylation was shown to be linearly
dependent on time of incubation (up to 2
hi) and protein concentration (up to 0.4
mg/ml), as previously reported (16), and
was markedly diminished in the presence

of either SAH or the 7-deaza analogue.
However, the apparent inhibition of neu-
roblastoma catechol 0-methyltransferase

by these drugs was not as potent as previ-

ously observed with the rat liver enzyme
(2-4). Analysis ofthe kinetic data obtained

at saturating levels of both substrates (1.1
mM S-adenosylmethionime and 2.0 mr�.i 3,4-
dihydroxybemzoic acid) revealed that “par-
tial” inhibition (19) was occurring. At high

concentrations (above 3 mM) ofeither SAH

or the 7-deaza analogue, only 75% inhibi-
tion ofthe reaction was observed. Umfortu-
nately, a more detailed investigation of

the kinetic properties of the neuroblas-
toma enzyme was precluded by the low
catechol 0-methyltransferase activity of

the cell homogenates (16). However, given
the observed value ofI�) � 0.5 m� for both
SAH and 5TH, and the finding that, as the
concentration of inhibitor approached in-
finity, U = 0.25 Vmax, one can calculate an
approximate value ofK, = 0.015 nmi. This
value is comparable to that previously ob-
tamed for inhibition of rat liver catechol
0-methyltransferase by SAH and the 7-

deaza analogue, based on a more detailed
kinetic study (3, 4).

In order to study the effects of these
drugs on the catechol 0-methyltransfer-
ase-catalyzed methylation of catechol-

amines in neuroblastoma cells, we chose to
use [3H]dopamine as a radioactive marker
to monitor this metabolism. Initially we
investigated several thin-layer chromato-

graphic solvent systems (12, 20) in order to
obtain maximal separation of the metabo-
lites of primary interest in this study; i.e.,

the 0-methylated derivatives. Solvent sys-
tem I of Vahidi and Sankar (12) was found
to be the most satisfactory in this regard
when synthetic standards were applied.
However, we were unable to use either
thin-layer chromatography (11-14, 20, 21)
or thin-layer electrophoresis (22) to ama-
lyze cellular extracts routinely. Nonre-
producibility and low recovery of the ap-

plied radiolabeled metabolites rendered

these techniques of little value for quanti-
tative analysis. In an earlier study of cate-
cholamine metabolism in neuroblastoma

cells (23), the authors used a combination
of ion-exchange and paper chromatogra-
phy to identify the metabolites of [3HJ-

tyrosine and [3Hldopamime. This combima-
tiom of techniques appeared somewhat

cumbersome for routine analysis of drug-
treated cells, and we decided to attempt a

direct analysis of the combined medium-
cell lysate by high-pressure liquid chroma-
tography. We have recently described the
details of this analytical technique (15),
and in the experimental data presented
below, high-pressure liquid chromato-
graphic analyses were used exclusively to

analyze the effects of catechol 0-methyl-
transferase inhibitors, SAH and the 7-
deaza analogue, on dopamine metabolism.

Table 1 shows the results of a typical

analysis of the combined medium-cell ly-
sate, following alumina treatment (solu-
tiom B), in the presence of various drugs,
together with a non-drug-treated control.
It is apparent that the inhibition of dopa-
mine methylation was accompanied by an
increase in the amount of dopamine 3-sul-

fate formed. Although an increase in the

amount of homovanillic acid formed was
also observed with SAH and the 7-deaza
analogue, a similar increase in homovanil-

lic acid synthesis was observed in the pres-
ence of the SAH and 5TH fragments,
adenosime, tubercidim, and homocysteine,

and therefore may not be related to meth-
yltransferase inhibition, since these frag-
ments are known to be poor inhibitors of
methyl transfer in cell-free systems (4). It
is possible that the observed inhibition by
these fragments may be due to their action
on the enzyme ademosylhomocysteinase
(EC 3.3. 1 . 1), giving rise to increased
amounts of intracellular SAH, either by
inhibition of SAH hydrolysis or by driving
the equilibrium in the direction of SAH

synthesis. It is not yet known whether
neuroblastoma cells contain adenosylhom-

ocysteinase. A mutant lime of neuroblas-
toma, N1E-115 TG6, which is very low in
monoamine oxidase activity (24), was
studied in order to avoid the complication
of the additional metabolite, homovanillic
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4 G. L. Cantoni, personal communication.

acid. In these cells, as in the N-18 cells,
decreased synthesis of the methylation

product, 3-methoxytyramine, in the pres-
ence of SAH and the 7-deaza analogue was
accompanied by increased synthesis of the
conjugate (Table 1). These data strongly
argue for the existence of parallel path-

ways of dopamine methylation and conju-
gation in meuroblastoma cells. By inhibit-
ing the methylation pathway, conjugation

becomes the predominant metabolic reac-
tiom, and an increase in the amount of the

conjugate is observed. We have previously

shown that N-18 cell extracts not treated
with alumina (solution A) contain small

amounts of dihydroxyphenylacetic acid
(15). The presence of large amounts of un-

metabolized dopamine in solution A lim-
ited the accuracy of a quantitative analy-
sis of dihydroxyphemylacetic acid by this
method. Therefore we did not routinely

monitor solution A for dihydroxyphenyla-
cetic acid. It is possible that inhibition of
methylation by SAH and the 7-deaza ama-
logue might lead to increased dihydroxy-
phenylacetic acid synthesis. The observa-
tion that the percentage of radioactivity
bound to alumina (i.e. , dopamine, dihy-
droxyphenylacetic acid, etc.) did not in-
crease substantially during a given experi-
ment, between control and drug-treated

cells, suggests that dihydroxyphenylacetic

acid synthesis is not markedly enhanced
in drug-treated N-18 cells. Since no dihy-

droxyphenylacetic acid is formed in N1E-
115 TG6 cells (24), the conclusions drawn
in regard to 3-methoxytyramine as op-
posed to dopamine 3-sulfate synthesis in
that line are not clouded by any ambigui-

ties regarding dihydroxyphemylacetic acid
synthesis.

Table 1 also shows data on 3-methoxy-

tyramine formation, expressed as percent-
age inhibition of methylatiom compared
with a drug-free control. SAH inhibition of

dopamime methylation in N-18 cells was
not appreciably greater than the inhibi-
tiom elicited by the control drug fragments,

adenosine, tubercidin, and homocysteine.
In contrast, inhibition of dopamine meth-
ylation by the 7-deaza analogue in N-18

cells was much greater than that observed
with any ofthe fragments. In the N1E-115

TG6 line, inhibition of dopamine methyla-
tion by SAH was somewhat higher than

observed with the fragments, and inhibi-
tion by the 7-deaza analogue was again
much more pronounced than inhibition by
SAH or any of the controls. These data on
the relative efficacy of SAH and the 7-

deaza analogue as methylatiom inhibitors
in neuroblastoma cells are similar to those

obtained previously with the same two
drugs in phytohemagglutinin-stimulated
rat lymphocytes (25). Since SAH and the 7-
deaza analogue have very similar K, val-

ues in several cell-free enzyme systems (4),
it would appear that the enhanced efficacy

of the 7-deaza analogue in whole cells is

due to differences in transport and/or me-
tabolism. Careful studies on the transport
of SAH in mammalian cells have yet to be
done, although it is known that SAH is
present in tissues of various organs (26).

Thus it is not possible to discuss with any

certainty the differences in transport be-
tween SAH and the 7-deaza analogue.
However, differences in the biochemistry
of adenosine and tubercidin derivatives
are well documented (27, 28). For the pur-
poses of this discussion, it is sufficient to
note that the tubercidin derivatives do not
act as substrates for enzymes which cata-
lyze deamimation ofthe 6-amino group (27)

or phosphorolytic cleavage of the purmne-
ribose bond (28) of adenosine. In previous
work with stimulated lymphocytes, we

suggested that differences observed be-
tween SAH and the 7-deaza analogue
when monitoring DNA synthesis in long-
term (up to 64-hr) cultures might be due to
enzyme-catalyzed cleavage of the 5’-

thioether bond. However, recent studies4
indicate that 5TH is not a substrate for
purified adenosylhomocysteinase isolated

from rat liver. Thus accumulated data
suggest that the 7-deaza analogue cannot
be metabolized via deamination of the 6-
amino group or hydrolysis of the purmne-
ribose or 5’-thioether bonds. It is possible

that the enhanced efficacy of the 7-deaza

analogue compared with SAH as a methyl-
transferase inhibitor in whole cells is due
to its stability toward metabolic degrada-
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256.

10. Layne, E. (1957) Methods Enzymol. , 3, 451-454.

tion, as indicated above. Further studies

using radiolabeled drug to study its trans-
port and metabolism are required to ex-
plore this possibility.

Note added in proof Since this manuscript was

submitted for publication, we have become aware of

a recent paper in which it is suggested that conjuga-

tion and methylation at the 3-hydroxyl group of

dopamine compete as major routes of metabolism

(29). This conclusion, based on analyses of urine

samples from patients with Parkinson’s disease, is

in accord with one of the conclusions of the present

work.
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