
Enzymatic 0-Methylation of Epinephrine and Other Catechols* 

JULIUS AXELROD AND ROBERT TOMCHICK 

From the National Institute of Mental Health, United States Public Health Service, Bethesda, Maryland 

(Received for publication, February 24, 1958) 

Many studies in vitro have implicated cytochrome oxidase 
and monoamine oxidase in the metabolism of epinephrine and 
other cateehol amines (2). However, no evidence for the partic- 
ipation of cytochrome oxidase in the metabolism of epinephrine 
in viva has been obtained. Furthermore, several investigations 
have indicated that monoamine oxidase plays only a minor role 
in the inactivation of epinephrine (3-5). Recently, Armstrong 
and McMillan have shown that a major metabolic product of 
norepinephrine in man is 3-methoxy-4-hydroxymandelic acid (6). 
Work in this laboratory has also demonstrated that O-methyla- 
tion of epinephrine and other catechols precedes deamination 
in viva (7, 8). These observations suggested the presence of 
an enzyme that can carry out the 0-methylation of catechol 
amines. This paper describes the properties of an enzyme that 
transfers the methyl group of S-adenosylmethionine to the 
hydroxyl group in position 3 of epinephrine and other cate- 
chols. 

EXPERIMENTAL 

Materials-3-Methoxy-4-hydroxymandelic acid and 3,4-di- 
hydroxymandelic acid were kindly supplied by Drs. M. L. 
Fish and M. D. Armstrong, respectively. Catechols and 
phenols were obtained commercially. AMel was prepared 
enzymatically (9). Purified monoamine oxidase and aldehyde 
dehydrogenase were generously supplied by Dr. H. Weissbach. 
Metanephrine (3-O-methylepinephrine), normetanephrine (3-0- 
methylnorepinephrine), and 3-methoxytyramine were synthe- 
sized by procedures described in a second report (7). 

Methods-Metanephrine, normetanephrine, and 3-methoxyty- 
ramine were extracted from borate buffer (pH 10) into 20 volumes 
of ethylene dichloride* containing 2 per cent isoamyl alcohol,2 
returned to 1.5 ml. 0.1 N HCl, and measured fluorometrically 
at 335 rnp after activation at 285 rnp. To correct for the parti- 
tion of the methylated metabolites in the two-phase system, 
known amounts of synthetic compounds were carried through 
the procedure. Epinephrine, norepinephrine, and dopa were 
determined fluorometrically by the procedure of von Euler 
and Floding (10) and other catechols by the procedure of Weil- 
Malherbe and Bone (11). Phenols were determined colori- 
metrically with Folin-Ciocalteu reagent (12) after removal of 
proteins with trichloroacetic acid. Proteins were measured 
by the procedure of Warburg and Christian (13). 

Enzyme Assay-O-Methyl transferase activity was determined 
by measuring the amount of metanephrine formed from epi- 

* A preliminary report of this work has been published (1). 
1 The abbreviations used are: AMe, S-adenosylmethionine; 

dopamine, 3,4-dihydroxyphenylethylamine; and dopa, 3,4-dihy- 
droxyphenylalanine. 

2 All solvents were washed with 1 N NaOH, 1 N HCl, and water. 

nephrine. The mixture, containing enzyme preparation, 0.3 
pmole of I-epinephrine-n-bitartrate, 10 pmoles of magnesium 
chloride, 0.1 pmole of AMe, 50 pmoles of phosphate buffer at 
pH 7.8, and water to make a final volume of 1 ml., was incubated 
in a 40 ml., glass-stoppered centrifuge tube at 37”. At the end 
of 30 minutes, 0.5 ml. of borate buffer (0.5 M, pH 10.0) was 
added and the incubation mixture was assayed for metanephrine 
as described above. 

RESULTS 

0-Methylation of l-Epinephrine-Previous work has shown 
that upon incubat,ion of l-epinephrine with the soluble fraction 
of rat liver, and Mg++, the catechol amine was methylated on 
the hydroxyl group meta to the side chain. In the absence of 
AMe, no methylation occurred. These observations indicated 
the presence of an enzyme, O-methyl transferase, in the rat liver 
that can transfer the methyl group of AMe to one of the phenolic 
groups of epinephrine. 

Preparation of O-Methyl Transferase from Rat Liver-10 adult 
male rats were stunned, exsanguinated, and the livers were 
immediately removed and chilled. All further purification 
procedures were carried out at O-5”. Livers (100 gm.) were 
homogenized with 400 ml. of isotonic KC1 and centrifuged at 
78,000 x g for 30 minutes, The soluble supernatant fraction, 
(320 ml.) was adjusted to pH 5.0 with 1 M acetic acid, allowed 
to stand for 10 minutes, and centrifuged. To 300 ml. of the 
supernatant fraction were added 52 gm. of ammonium sulfate 
(0 to 30 per cent saturation). The precipitate was discarded 
and 34 gm. of ammonium sulfate (30 to 50 per cent saturation) 
were added to the supernatant fraction. After centrifugation, 
the precipitate was dissolved in 50 ml. of water and dialyzed for 
6 hours against 0.001 M phosphate buffer (pH 7.0). The 
dialyzed solution was diluted to contain 9 mg. of protein per 
ml. in 0.02 M acetate buffer (pH 5.0). To 100 ml. of this solu- 
tion, 45 ml. of calcium phosphate gel (18 mg. of solids per ml.) 
were added. After 15 minutes the sample was centrifuged and 
the gel eluted twice with 25 ml. portions of 0.02 M phosphate 
buffer (pH 6.9). The preparation obtained by this procedure 
was purified about 30-fold (Table I) with a 15 to 30 per cent 
yield. The purified enzyme preparation was found to be stable 
for at least 3 months at -10”. 

Properties of the Purified Enzyme-In the absence of AMe or 

Mg++, negligible 0-methylation occurred (Table II). Incuba- 
tion under anaerobic conditions did not affect the rate 
of 0-methylation. No stimulation of enzyme activity was 
observed with glutathione. 

The stoichiometry of the enzymatic reaction is shown in 
Table III. Approximately 1 mole of metanephrine was formed 
for each mole of epinephrine metabolized. 
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TABLE I 
Purification of 0-methyl transferase 

step 

1. Soluble fraction of liver. 
2. pH 5.0 ppt.. 
3. Ammonium sulfate ppt. (30 to 50 

per cent) 
4. Calcium phosphate adsorption and 

elution............................. 

Units* 

132 
121 

93 

38 

- 
< 

- 

- 

Specific activity 

units/mg. of 
protein 

0.014 
0.027 

0.080 

0.420 

* 1 unit = 1 pmole of metanephrine formed in 30 minutes under 
the conditions described in “Methods.” 

TABLE II 
Enzymatic 0-methylation oj epinephrine 

I-Epinephrine-n-bitartrate, 0.3 pmole, was incubated at 37” 
with purified enzyme (0.15 mg. of protein), 5Opmoles of phosphate 
buffer at pH 7.8, 0.15 pmole of AMe, 10 pmoles of magnesium 
chloride, in a final volume of 1 ml. After incubation for 30 
minutes the reaction mixture was assayed for metanephrine. 

Complete system ..................... 
AMe omitted ......................... 
Mg++ omitted ........................ 

TABLE III 
Balance study 

Metanephrine formed 

~W$OkS 

0.059 
0 
0.004 

Enzyme (0.15 mg. of protein) was incubated at 37” with 0.1 
pmole of I-epinephrine-n-bitartrate, 10 pmoles of magnesium 
chloride, 50 pmoles of phosphate buffer at pH 7.8, in a final vol- 
ume of 0.8 ml. After incubation for 30 minutes, the reaction 
mixture was assayed for epinephrine and metanephrine. 

AMe added I-Epinephrine metabolized Metanephrine formed 

pmole @de pmle 

0 0 
0.05 0.033 

0.10 0.050 

0 
0.037 
0.051 

Experiments with variations in the pH indicated that the 
optimal enzyme activity occurred between pH 7.5 and 8.2 with 
0.1 M phosphate buffers. 

The rate of 0-methylation is shown in Fig. 1. No further 
0-methylation occurred after 2 hours of incubation at 37”. 

K, for epinephrine was found to be 1.2 X 10e4 M. 
Substrate Specijitity-The ability of the purified enzyme to 

methylate catechols and monophenols were studied. All 
catechols examined, regardless of the substituents on the aromatic 
nucleus were 0-methylated (Table IV). On the other hand, 
none of the monophenols served as substrates. The enzyme 
showed no stereospecificity with respect to d- and Z-isomers of 
epinephrine. 

Requirement for Divalent Cations-Since 0-methylation re- 
quired the presence of Mg++, the effect of other metals was 
examined (Table V). A number of divalent cations, such as 
Co++, Mn++, Zn*+, Cd++, Fe++, and Ni++, could be substituted 

0*04 I 
0.02 

Y 
0’ I I I I I 

30 90 150 

TIME (MINUTES) 
FIG. 1. Rate of 0-methylation of epinephrine 

TABLE IV 
Substrate specificity 

Purified enzyme (0.15 mg. protein) was incubated at 37” for 30 
minutes with 0.1 pmole of substrate and cofactors as described in 
“Methods.” The reaction mixture was examined for the amount 
of substrate remaining. When epinephrine, norepinephrine, or 
dopamine were used as substrates, the formation of methoxy 
derivatives were measured. In the absence of AMe, negligible 
amounts of substrate were metabolized. 

Substrate Relative activity 

I-Epinephrine .............................. 
d-Epinephrine ............................... 
l-Norepinephrine. ........................... 
Dopamine ................................... 
Dopa. ..................................... 

. . . 

. 
. 

% 
100 
110 
106 
110 
90 

105 
100 
110 
150 
120 
100 

Epinine........................ 
dl-3,4-Dihydroxyephedrine . 
dl-3,4-Dihydroxyamphetamine.. 
dl-3,4-Dihydroxybenzoic acid.. 
3,4-Dihydroxyphenylacetic acid 
3,4-Dihydroxymandelic acid.. 
Catechol.................................... 160 
dl-Synephrine. . . . . 0 
dl-Neosynephrine 0 
p-Hydroxyamphetamine.. 0 
p-Hydroxyephedrine 0 
p-Tyrosine.......................... 0 
o-Tyrosine.................................. 0 
m-Tyrosine 0 
p-Tyramine................................. 0 

for Mg++. The most effective cations were Co++ and Mn++. 
The concentration of Mg++ used was saturating since no further 
increase in activity was obtained at higher concentrations. The 
greater activities found with Co++ and Mn++ reflect a greater 
maximal velocity when these metals were used. 

E$ect of SH Inhibitors-In the presence of p-chloromercuri- 
benzoate (3 X 1OW M) or iodoacetic acid (2 X 1O-3 M) the 
0-methylation of epinephrine was inhibited about 50 per cent. 

Identi$cation of Metunephrine-Purified enzyme (2 mg. of 
protein) was incubated at 37” with 10 pmoles of I-epinephrine-n- 
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TABLE V 
Requirement for divalent metals 

Purified enzyme (0.15 mg.) was incubated at 37” with 0.3 pmole 
of I-epinephrine-n-bitartrate, lOpmoles of metal salt and cofactors 
as described in “Methods.” After incubation for 30 minutes, the 
mixture was assayed for metanephrine formed. 

Metal salt 

MgClz 
MgS04 
MnClt 
CoClz 
znsoc 
FeC12 
CdClz 
Ni(NOy)z 
CaC12 
SnClz 
FeC13 
(Al)z(SOd 3 

Relative activity 

% 

loo 
100 
120 
150 
80 
80 
75 
40 
0 
0 
0 
0 

TABLE VI 
Identity of enzymatically formed metanephrine 

Solvent system 

Metanephrine RF value* 

Enzymatic Synthetic 

Isopropyl alcohol-NH3 (5%), 8:2 0.73 0.73 
n-Butanol-acetic acid-HrO, 8:2:2 0.50 0.50 
20yo KC1 solution 0.80 0.81 

Distributiont 

n-Butanol 92 94 
Isoamyl alcohol 66 68 
Ethylene dichloride 28 29 

* Ascending technique with Whatman No. 1 filter paper was 
used. When the chromatograms were sprayed with 0.1 per cent 
dichloroquinone chlorimide in alcohol followed by 0.1 M borate 
buffer (pH 10) a blue spot appeared. 

t Distributions were carried out with 5 volumes of organic sol- 
vent and 1 volume of 0.5 M (pH 10) borate buffer. An aliquot of 
the organic phase was extracted with 0.1 N HCl and relative con- 
centrations of the compounds were determined fluorimetrically 
(8). Results are expressed as per cent of compound extracted 
into the organic phase. 

bitartrate, 3 pmoles of AMe, 1 ml. of 0.5 M phosphate buffer 
(pH 7.8), 0.5 ml. of magnesium chloride (0.1 M), and water to 
make a final volume of 5 ml. After 1 hour of incubation, 2 ml. 
of borate buffer (0.5 M, pH 10) was added to the reaction 
mixture and the metanephrine was extracted into 100 ml. 
of isoamyl alcohol.2 The amine was returned to 20 ml. of 
0.05 N hydrochloric acid. The resulting extract was identical 
within experimental error with synthetic metanephrine with 
regard to ultraviolet fluorescence spectra (maximum of fluores- 
cence at 335 rnp, maximum of exciting beam at 280 mp), RF 
values and distribution coefficients (Table VI). 

Additional evidence for the identity of enzymatically formed 
metanephrine was obtained by enzymatic deamination and oxida- 
tion of the amine. After the above extract was incubated for 2 

TABLE VII 
Tissue distribution of catechol O-methyl transferase 

Soluble fractions obtained from 100 gm. of organ tissues were 
incubated at 37’ for 1 hour with I-epinephrine and cofactors, as 
described in “Methods.” 

Organ Metanephr$efo~d per gm.  

pmoles 

Liver................................ 7.0 
Kidney............................... 2.1 
Spleen................................ 0.5 
Small intestine........................ 0.3 
Lung . . . . . . . 0.3 
Brain................................. 0.2 
Heart muscle. . . . . . . 0.2 
Skeletal muscle. . . . . 0 

TABLE VIII 
Species distribution of catechol O-methyl transjerase 

Soluble fraction obtained from 30 mg. of liver from various 
species were incubated at 37” for 1 hour with l-epinephrine-n- 
bitartrate and cofactors as described in “Methods.” 

Species Metanephrioqeikyd per gm.  

/moles 

Rat. . . . . . . 5.0 
cow. . . . . 3.3 
Pig.................................. 2.9 
Mouse. . 2.3 
Guinea pig........................... 1.0 
Man*................................. 0.4 
Cat. . . . . . . . . . . . . . 0.3 
Rabbit................................ 0.1 

* Liver was kept at -10” for 3 months before enzyme assay. 

hours with monoamine oxidase, aldehyde dehydrogenase and 
DPN at pH 7.4, it was acidified and extracted with 10 volumes 
of n-butanol. The butanol extract was concentrated in vacua 
and subjected to two-dimensional chromatography (ascending 
technique) with Whatman No. 1 filter paper and with isopro- 
panol ammonia (5 per cent), 8 :2, as the first solvent system and 
n-butanol-acetic acid-water, 8:2:2, as the second. After the 
chromatogram was sprayed with 0.1 per cent 2,6-dichloro- 
quinone chlorimide in alcohol followed by borate buffer (pH lo), 
a blue spot appeared having the same Rp values (0.25, 0.58) 
as an authentic sample of 3-methoxy-4-hydroxymandelic acid. 

Distribution of Enzyme in Various Organs and Animal Xpecies- 
Representative tissues of the rat were examined for their ability 
to 0-methylate Z-epinephrine. All the organs studied, except 
skeletal were capable of methylating the catechol amine (Table 
VII). Livers of a number of mammalian species, including man, 
could methylate epinephrine (Table VIII). In the liver, enzyme 
activity was found only in the soluble fraction. 

DISCUSSION 

An enzyme that catalyzes the transfer of the methyl group of 
AMe to the 3-hydroxyl group of I-epinephrine and other catechols 
is described. The enzyme is in the soluble fraction of liver and 
other organs and requires the presence of a divalent metal. It 
appears to differ from the N-methylating enzymes described 



by Cantoni (14, 15) with respect to need for divalent cations acts locally in the transformation of these hormones. That 
and lack of stimulation by gluthathione. The requirement for a this enzyme plays a role in the metabolism of catechol amine 
divalent cation and the specificity toward catechols suggests hormones in man appears likely in view of the observations 
that the metal may serve as a complexing agent to attach the that the enzyme occurs in human liver and that normetanephrine 
substrate to the enzyme surface by means of the hydroxyl groups. (21) and 3-methoxy-4-hydroxymandelic acid (6) are present 
Since enzyme activity is inhibited by SH binding agents the in human urine. Furthermore, methoxy derivatives of dopa 
site of attachment may occur at an SH group. It is likely that (16), estradiol (19), and caffeic acid (20) have been found to be 
the reaction proceeds by a nucleophilic attack of the hydroxy excreted in urine of man. Whether O-methyl transferase 
group of the substrate on the electrophilic methyl carbon of AMe. serves to inactivate catechol amine hormones or to form new 

It has been shown in this laboratory that 0-methylation is the 
principle pathway in viva for the metabolism of the hormones 

physiologically active metabolites remains to be established. 

epinephrine and norepinephrine in the rat (7, 8). In addition, SUMMARY 
dopa (16, 17), dopamine (7), xanthurenic acid (18), estradiol 
(19), and caffeic acid (20) have been found to be excreted in 

An enzyme (catechol O-methyl transferase) that can transfer 

the urine as 0-methoxy metabolites. These observations would the methyl group of S-adenosylmethionine to the 3-hydroxy 

indicate that O-methyl transferase is of paramount importance group of epinephrine and other catechols is described. The 

in the metabolism of catechol amine hormones and perhaps enzyme requires divalent cations and is inhibited by sulfhydryl 

other normally occurring and foreign catechols. The presence binding reagents. 

of O-methyl transferase in those organs upon which epinephrine Catechol O-methyl transferase is found in various organ tis- 
and norepinephrine exert their effects suggests that the enzyme sues and mammal species, including man. 
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