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SUMMARY

The methyltransferases phenylethanolam.ine N-methyltransferase, histamine N-methyl-

transferase (EC 2.1.1.8), catechol O-methyltransferase (EC 2.1.1.6), amid hydroxyindole

O-methyltransferase, from tissues of several species, were subjected to starch block electro-
phoresis. Adrenal phenylethanoiamine N-methyltransferase and pineal hydroxyindole
O-methyltrausferase were heterogeneous among different species with respect to electro-

phoretic mobility on starch block, heat stability, and substrate specificity, but they were

homogeneous within a given species. i\Iultiple forms of histamine N-methyltransferase and
catechol O-methyltransferase occurred in tissues within a given species as well as among

different species. They had different electrophoretic mobihities, heat stabilities, arid kinetic
properties.

INTRODUCTION

Several methmyltransferases are involved
in the activation and inactivation of the

biogenic amines norepinephrine, histamine,

amid serotonin. These enzymes catalyze the

N-methylation of norepinephrine and other

fl-hydroxylphenylanmines (pimemmylethanol-

amine N-methyltransferase) (1, 2), the
O-methylation of catecholamines (catechol

O-methyltransferase, EC 2.1.1.6) (3), the
N-methylation of imistamine (histamine
N-methy1tran.sfera�se, EC 2.1.1.8) (4), and
the O-methylation of N-acetylserotonin (hy-
droxyindole O-methyltransferase) (5).

In view of the marked species differences
in the total activity and tissue distribution

of these enzymes, a study was undertaken
to ascertain whether biochemically distin-
guishable form.s of the enzyme possessing
different catalytic properties could be iden-
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tified. This report describes certain pimysico-
chemical properties of such distinct forms.
Phenylethmaiiolamine N-methmyltramisferase,
catecimol O-methiyitransferase, histamine N-
methyltransferase, and hydroxyindole 0-

methyltransferase eximibited multiple molec-

ular form.s in different species and, in
certain cases, w-ithinm the tissues of the same

animal.

MATERIALS AND METHODS

Adult male animals were used unless

otherwise stated. Tissues from rats (Sprague-
Dawley), mice (NIH stock), mongrel dogs

and cats, and guinea pigs (Hartley strain)
were removed, placed on cracked ice, and

homogenized within 1 hr after the animals
had been killed. Pineal glands from quails

( Corturnix corlurnix japonica) were kindly

supplied by Dr. Jean Limber, University of
Alberta, shipped in Dry Ice, and examined

1 week later. Bovine tissues were removed

within 1 hr after time cattle had been killed
in a local slaughterhouse and were stored
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for 1 week at - 10#{176}.Human tissues, ob-
tamed within S hr from two nmormal young

men \Vim() had been killed in an accidemmt,

were stored at - 10#{176}for 1 day. Tissues were

homogenized, arid time superimatant fractions

were subjected to starch block electropimoresis

witimin S hr. All experiments were repeated
two to five times with different tissue PreP-

arations from eachm species.
Tissues were homogenized iii 3-10 volumes

of ice-cold water, depenmding on time tissue,
and centrifuged at 100,000 X g for 30

mini in a refrigerated Spimmco centrifuge. Time

fatty layer was removed by aspiration, and

the clear supernatant fraction was subjected
to starch block electropimoresis. A starch

block �5 prepared in 0.05 �m sodium bar-
bital buffer, i)H 8.6, as described previously
(6). A 1-2-mi ahiquot of the supernatant
fraction, containing 2-10 units of enzyme

activity (1 ummit is equivalent to 1 mj.mmole

of N- or 0-metimylated product formed per
hour), was applied at time origin. Electro-
phoresis was carried out at 4#{176}for 18 hr at

360 V and SO manmp. The starch block was
cut into 0.5-immcim segments, and time enzyme

was eluted from eacim segment witim 2 nil of
0.03 .�m sodium pimospimate buffer, pH 7.9.

To examine the efficacy amid reproduci-

bility of the electropiioretic technique, super-

natant fractionms from dog and rat adreimals,

containing equal amounts of pimenylethaniol-

aminme N-metimyltranmsferase activity, were

mixed and inserted into a starch block. After
electrophmoresis timere were two distinct l)entks

of enzyme activity, which were time same as
those obtained wimen time extracts from each

animal were subjected separately to electro-

phoresis (Fig. 1A). After electrophoretic
separation, time peak tube of pheim�letimaimoi-
aminme N-methyltransferase activity froni rat
adrenmais was eluted amid agaimm subjected to
starcim block electrophoresis. There was rio

change in mobility of the emmzyme purified

by electropimoresis. Duplicate determinationis

gave time same electrophoretic pattern.

An aiiquot from eacim eluate was tramms-

ferred to a 15-mi cenmtrifuge tube and assayed

for various methvltransferases by a modi-

ficatiorm of procedures described previously.

Pimenylethanoiaminme N-methyltransferase

(2), histamine N-methyltransferase (4), cate-

cimol 0-mm’iethvitransferase (7 ) , and hy(lroxv-

irmdoie 0-metimyltrammsferase (5) were meas-

tired as follows.
P/men ylelli a un/aiim in e �V - rime/h yltran sferase.

DL-Phenmvlethmammoianmine (25 j.mg) , ‘4C-metimyl-

S-adenmosvlmethionmimie (New England Nm-
clear Corporatioim) (1.0 nm�anoie; 50 ��Ci/
j.mnmole), sodium I)iiosl)imntte buffer (0.05 r�m, pH

7.9), and! enzyme I)reparatioli to make a final
volume of 250 �si were incubated for 1 imr
at 37#{176}.Time reaction was stopped by a(Idi-

tion of 0.5 nil of sodiirm borate buffer, pH

10, amid the �

formed enmzv n’iaticallv was extracted witim

6 ml of toluenme containing 3 % by volume of
isoamyl alcohol. A 4-mi aliquot of time extract

was trarmsferred to a couimtinmg vial cormtainminmg

1 ml of ethianmol almd! 10 ml of piiosphor, and
the radioactivity was nmeasured.

II istani in e �V-inelh �jllra nsferase , h ydro.ryin -

dole 0- mel/i yltran sferase , and (alec/i ol 0-iiietli-

yltransferase. Time procedure was similar to
that used for 1)imeIm�letiiammolanmimme N-nmethvl-

trammsferase, except that time following sub-

strates were used : histamine diiiydrochloride
(25 .ng) for histaminme N-n’iethyltrammsferase,

N-acetylserotomiin (50 j.mg) (Regis Chemical

Company Chicago) for imydroxyindole 0-

metimyltransferase, alm(i i-imoi’epimiepimrimie bi-

tartrate (25 �mg) for cateciiol 0-methyltrans-
ferase. �\ IgCl2 (2 �inmoles) ��-as added to time

inmcubatiomm mixture for time catechol 0-meth-

yltraimsferase assay . rFiie ermzymatic products
‘4C-nmethylimistanmine, ‘4C-meiatonin, anm(! 14(’�

metaniepimrinme forimmed imm time respective reac-

tionms were extracte(1 into a 6-in! nmixture of

toluene arid! isoanmvl alcoimol (3 : 2 by volunme).
Km values were deternmimmed by \Vilkinm�

son’s method (8), using a digital computer

and the l’OHTRAN program �vrittenm by

Clelarmd (9) . Statistical differemices were ob-

tainmed by the 1)roce(iurre of Steele anm(1 Torrie
(10).

‘{EsUm;ls

Separation of (l�1T(�1�e11t faints of j)helq/l-

el/ma nolantine N- tine//i yliran sfera.se froni main-

nialia n at’/re oaf glands. Ti me adrenal gland
\\�5 used as a somrrce� of phmenyletimammoiamine

N-metimyltransferase because time enzyme is
higimly localized iii this organ (2). The eiectro-
phoretic separations of phenmylethanmolamimme
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FIG. 1. Electiop/moretic mobility on starch block

of adrenal phenylethanolain inc .V -metln!/ltransferase

( PN�i 7’) from several iuaum iinalian species

Electrophoresis was j)(rfornned on sul)ernatamit
fract iomms in 0.05 im sodiimmn h)arl)i t al t)mmfler, p11 8.6,

at 4#{176}for 18 hr. Arro�vs immdicane origimi.

N-metimvltraiisferase obtained from imunian,

(log, n’iouse, rat, eat, amid! cow adrenal glands
are simowni in 1’ig. l#{192}turd! B. rfhese illustrate

electroplmoretic patterns obtained for a(lrenal

glaimds front six species, as revealed by sepa-

rations on tW() starch blocks. Hunman, (log,

and! rat adrenals conmtanm a distinct forni of

pimeim�letimammo1amimi I le N- nmetimyltrammsferase, as
shown by their differinmg electropimoretic mo-
bihities (Fig. 1A). rfime electrophoretic mo-

bilities of pimeniyletimanolanmmine !V’-metiiyl -

tralisferases obtained froni co\v amid! eat

adremmaiswere similar (F�ig. 1B), but time pinemn-
ylethanolamine N-methyltransferases from

these species differed mmelectropimoretic mm)-

bility from timat of time mouse (Fig. 1B). Time
cat ati(! (�J\�� l)imeliYletiiamlolamimle .?V-nnetii’vl-

traimsferases eximibited electrophmoretie trio-

bilities resenmblinig that of time dog. 1mmmany
experiniemmts, mouse phenmylethammolamimme N-

methvltrammsfeiase \Vas sinimilar mm electro-

phonetic immobility to that of time iat. To dliS-
timigmnisim furtimer anmmong time piiemmylethanol-
amine N-methvitranmsferase activities from
various species, peak tubes were diluted to

‘F�mmmm� 1

IIi’iil .St(1l)’1if!/ 4)j� /)Ii(’fl!/Ic(IiufloIU)flmne .\-lIieth!J1-

fI’UflsJei’O.S JI’OlIi 010)05 S/)t’(’i(’5

Peak t ules imi Fig. 1:� amid B �vere dilut ed t o comi-

t aimi a})t)mOX i mmiat (l\’ simimilam (omi(emit m�mn toils of

pimemivletImama)! anmi me .\ - mimet liv! t rams fe rase . Al i -

(loots were heated fur 2 amid 5 muimi at 180 imi0.05 in

sodiumim phosphate hu,ffem-, phi 7.�). llesmmlts are cx-

pressed as percea rage of phemivlet hamiolami mme

..V-mnethvl Iramisferase act ivi tv m-emmmaimmi mig.

heat Stal)ilitv
Species - ______

2 mm 5 mm

en:_vnic ?())lUZ)l!)l&�

l�at 90 65

i\Iumise So 20

Cat 55 20

Ihmniami 40 20

I)og 88 70
Cow 90 68

commtainm sinmilar enzyme activities, amid! sta-

bility to heat was exaniimie(! (Table 1). Al-
thiough the cat l)lmen�letimmmniolammminie �1V-meth-

vltranmsferase hltt(! aim electrOl)imOretic immobility

sinmilar to tii()Se of dog amid cow, the cat en-

zvme �vtis comisideimiblv less stable to heat.

“l’! ic mat j)i memivlet imnniola rule �V-nmetlmvltrans-

ferase was also iiiOI’C iie:it-stable than that of

time niomr�e. Tiiese results smnggest time exist-

enmce of at least five distinguishable fornns of

I)imemi�ietimmmmmolaminIe N-niethm\-ltrammsferase
among the six nmanmmalian species examined.

Phenmylethanolamimme N-nmetimvltratmsferase

metim\lateS /�-hiy(hI’0X\� )henyhmnmnie deriva-

tiV(’S, but fli)t l)i1e1mYletii�laniuI1e5 (2). Time

relative activities of i)hienyiethiminiolmmnminie N-

mmmethmvlt ran isfemases separated eieet rophiore-

ticahlv fronmi various species were examined
with respect to their ability to _V-mmmetimylate

several j)imel iylmtn’iiitie dcii vat i yes. r1�i i)imenm�’l-

ethammolaminie ,1V-miiethmvltratmsferases obtained
from imit, huimiamm, and cow nmmetimyiated

I)imemi�letimanolaniinie derivatives, but not

1)1meniYletlm�’larninmes (Table 2 ) . However, dog
1)iiemiylethmtmmolaniii rue N-nmethvltranmsferase
simO\Ved small but defmnmite activity toward
some �)iienmyleth1ylammuuime (len’iVatives. Dog arid

human PhmenmYlethmanmolaniumme N-mnethyltrans-

ferases nmietlmvlated iiOi’el)he(irinie to greater

exteimts than did rat PheniYietilanoiaminie
� (Table 2).
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Substiute speciJicit!/ of pluen !/1et1l�1 ,uila-mine

_V -mel/u �#{237}llran.�f (‘ruse ‘-‘Guinea Pig live,
n-u Guinea Pig stumoch

Guinea Pig lung

(__‘ (‘� C�
/0 /0 /0 /0

100 100 100 100
<1 <1 4 0

70 70 71 80

Guinea Pig brain

�“aGuinea vig liver
0-oDog liver

-Human liuer
i-iCal liver

<1 0 3

2 10 18

0 0 0

0

0
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Phenvlethanolamine .V -mnethmvlt ramisferases oh-

taimmed fromn peak tubes (Fig. 1A and B) were in-

cubated with 0.1 �imole of subst rates am! cof actors

as descril)ed imi mnATEImn.�Ls AND METH�D�. The

‘4C-methylated products were extracted as (Ic-

scribed previormsly (2). Hesults are expressed as

percentage of relative activity.

Substrate Rat Human Dog Cow

DL-Phe n\-le t hmamiol -

ammii ne

Phenyletimyl amii mie

DL-NOrmflet ammeph-

rine

3-Methoxy-4-lmy-
droxyphenyl-

ethylamine

DL-Norephedrine

D-Anlphetamfline

Histam in e N-mactim yltransferase. Time dee-

trophoretic mobility of histamine N-metlm-

yltransferase was examined in several guinea

pig tissues, and iii human, cow, cat, dog, and

guinea pig liver. Time eleetrophoretic mobility

of this enzyme was first studied in guinea pig

stomach, liver, luimg, and brain (Fig. 2A and

B) . All these tissues showed a siimgle peak of
activity with similar electrophoretic mo-

biiity. The livers of imumaim, dog, amid cat
were then subjected to starch block electro-

phoresis and examinmed for histan’uinme N-

methyltransferase activity. Time results,

shown in Fig. 2B, reveal at least three dis-

tinct forms of histaniine N-methyltraims-

ferase. Dog and guinea pig liver lmistamine

N-metimyltransferases had similar electro-

phoretic mobilities but differed from those
of human and cat liver. The human and dog

also had a smaller peak of hmistaniine N-metim-
yltransferase activity, which, to achieve ade-

quate definitioni, required larger amounts of

histamine N-methyltransferase activity to

be applied to time starch block (Fig. 2C).

The dog and human each showed two peaks

of histamine N-methyltraimsferase activity:

a major, slow-moving peak in time dog, and a
larger, faster-moving peak in the human

(Fig. 2C).

FIG. 2. Electrophoretic nnobility on starch block

of histamine N -methyltransferase (HM 7’) from

several mammalian species and tiss aes

Conditions were the same as described in Fig. 1

aimd MATERIALS AND ME’IHODS.

Heat stability anmd K,� values with respect

to histaminme were determined for the hista-
mimic N-metimyltranisferases electrophoreti-

cally separated froni various species (Table

3) . Cat imistanuine N-nmiethmyltranmsfenase ��-as

most heat-stable, ammcl time human penik 2

enzyme was least stable. There was also a

wide range of Km values for histamine. The

two human enzymes showed a 40-fold! dif-

ference in � values, whereas two dog en-

zvmes simowed a smahiem’ difference, which

was imot statistically different.
(latec/wi 0-met/u yltransferase. Time eleetro-

phoretic mobihities of catechol 0-methyl-
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FIG. 3. Electrophoretic mobility on starch block

of catechol O-nnethyltransferase (COMT) from

several mammalian species and tissues

Conditions were the same as described in Fig.
1 and MATERnALS AND METHODS.
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T/�imLE 3

Some properties of histamine .\� -in ethyltransferase

f rum various species separated by starch block

electrophores is

Peak tubes (Fig. 2A-C) were diluted to contain

similar concentrations of histamine N-meth\-l-
trarmsferase. Aliquots were heated at 51#{176}in 0.05 M

sodium phosphate buffer, pH 7.9, for 3 mimi. He-

stilts are expressed as the percentage of histamine

N-methyltrammsferase activity remainimmg. K�1 val-
ties were obtained before heating, rising varied

amounts of histaminme and a constant amoumit of
S-adenosylmethionine (2.5 X 10-i it). Peak 2

(human) K� was significantly different from peak
1 (p <0.001). Km for cat was significantly different

from that of all other species (p <0.05). Dog peaks
1 and 2 were not statistically different.

Species Heat stability Km

% enzyme ye- � ± �
manning

Cat 63 81±22
1)og, peak 2 49 10 ± 2.3

Dog, peak 1 55 24 ± 7.3

Gmnimuea pig 49
Human, peak 1 46 950 ± 97

Human, peak 2 33 20 ± 0.4

transferases from rat heart, kidney, brain,
and liver and from cat, human, and dog liver

were examined. The rat tissues exhibited

two isozymes of catecimol 0-methmyltransf erase

after starch block electropimoresis (Fig. 3A

and B). mm time rat, isozymes from one
tissue had time same eiectrophoretic mobility

as time corresponding isozymes from time other

tissue. Time heat stability and Km values of
the two catechol 0-methyitransferase iso-

zymes from rat liver were found to differ
(Table 4) . Two electropimoretically distin-
guisimable forms of catechol 0-methyltrans-

ferase were also separated from human, dog,
and cat livers (Fig. 3B and C). These iso-

zymes appeared to have different electro-
phoretic mobihities, heat stabilities, amid Km

values from those of the rat (Table 4). In
the dog and cat the fast-movinmg peak was

the major isozyme, whereas mm the rat and
human the slower-movimmg peak had most en-

zyme activity. Because of the extreme in-
stability of imuman catechol 0-methyltrans-
ferase after starchi block electrophoresis, Km

values could not be determined.

Hydroxyindole 0-mnet/tyltransferase. The
melatonin-forming enzyme hydroxyindole 0-

methyltransferase is uniquely localized in

the pimmeal gland (5). TIme electrophoretic

behavior of this enizyme obtained from a
mammal (cow) amid a bird (quail) was

studied. Each had a sinmgle peak of hydroxy-
indole 0-methyltransferase activity. The
electrophioretic mobility of the quail hy-
droxyindole 0-methmyltran.sferase was faster
than that of the cow (Fig. 4). The hydroxy-

indole 0-methyltransferases from these spe-

cies differed markedly in heat stability and

Km values (Table 5). Previous work has
shown that cow and quail hydroxyindole

0-methyltransferases also differ in substrate
specificity (1 1). Quail hydroxyindole 0-meth-

yltransferase 0-methylates both serotonmn
and N-acetyiserotonin, wimerea.s cow hy-

droxyindole 0-methyltransferase is highly
specific for N-acetylserotonin.
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TABLE 4
Properties of catechol 0-methyltransferases from

various species

Peak tubes (Fig. 3A-C) were diluted to contain

similar concentrationms of catechol O-methyltrans-
ferase. An aliquot was heated at 51#{176}iii 0.05 in so-

dium phosphate buffer, p11 7.9, for 3 mimi. Hesults
are expressed as percentage of catechol 0-methyl-

transferase activity renmairming. Kn values were
obtained before heating, usimmg varied amounts of
norepinephrine and a commstant amount of S-adeno-

sylmethiommine (2.5 X 106 M). Cat peak 1 Km

differs from all other species (p < 0.05). The Km

value for catechol O-nmethyltransferase rat peak 1

differs from that of peak 2 (p <0.05).

Heat stabilitySpecies Km

enz’vuze re-

l�zai?zing
�uM ± SEAl

Humans, peak 2 50
Human, peak 1 48

Dog, peak2 54 39 ± 2.7

Dog, peak 1 15 39 ± 4.9

Cat, peak 1 7 57 ± 15

Rat, peak 2 33 43 ± 12
Rat, peak 1 45 194 ± 58

FIG. 4. Electrophoretic nuobility on stanch block

of cow and quail hydi-oxyindole O-niethyllrans-

ferase (HJOMT)

Conditions were the same as described in Fig. 1
and MATERIALS AND it ETHODS.

DISCUSSION

These results show that species differences

exist in the physicochemical properties of the

methyltransferase enzymes involved iii bio-

genie amine synthesis amid metabolism. Un-

TABLE 5

Properties of hydroxyindole 0-uneth yltransferase

f ,ouu cow and quail

Peak tribes (Fig. 4) were diluted to contain

similar conicenmtrat ions of hydroxyindole 0-
metlmvltramisferase. Arm aliqinot was heated at 51#{176}in
0.1 in sodium phosphate buffer, pH 7.9, for 3 mm.
Results are expressed as percentage of hydroxy-

inn dole 0 -met hylt ransferase activi t y remai mu ng.

Km values were obtained before heating, using
varied amounts of .V-acetylserotomminm and a con-

stant amount of S-a(lemmosylmethionimie (2.5 X

10-6 ii) - TI vdroxyinmdole 0-met hvltranisferases

from quail and cow were statistically different

(p < 0.001).

Species Heat stability Knv

% enzyune re- Mit ± SJ�:�tf
nazning

35

2

der time cormditiomis of timese experimenmts,
phemmylethamiolaminie N-niethyitranisf erase

and im\-droxvinmdole 0-niethyltranmsferase ap-

peared to be eleetrophoretically imomoge-
neous within �i given species, but species dif-

ferenmces in adrenal phenylethanolami tie N-
methmyltransferase and pinmeal hmydroxyindole

0-methvltransferase were identified by starch

block electropimoresis amid imeat stability. Al-

timough these enzymes were hmomogetteous

by starch block electrophoresis with sodium
barbital buffer at pH 8.6, other conditions

of electropimoresis or physicocimenmical tecim-

nuques might unmeover heterogeneity . Ike-
vious work has revealed diffement forms of
pimenyletimanolamine N-metimylt rammsferase in

frog anmd rat (12). Rat pimenmyletimanmolaimmumie
N-metimyltransferase was induced by con’-

20 22 � 24 ticoids, w-imereas time frog pimenmylethmanolanminme
N-methmvltransferase was not. Histanmutme N-

methyltransferase arid catechol 0-nmetimyl-

tranisferase were hmeterogermeous electrophore-

tically within a given species. These nmultiple

forms of imistamine N-methvltransferase and

catechol 0-methmyltranmsferase were further

distinguished by differences in heat stability

and kimmetic properties. Previously, rat liver
catechol 0-methyltransfera.se was shown to
exhibit at least two forms of activity by
acrylamide electrophoresis (13).

Isozymes have beconme a commonly enm-



84 AXELROD AND VESELL

countered biological phenomenon (14) . Avail-
ability of multiple forms of isozymes has

been shown to permit selective and flexible
regulation of physiologically important reac-
tions. A variety of mechanisms wimereby

isozymes act to alloiv firmer metabolic conmtn-ol

have been documented (14). For example,

Stadtmamm has described differential feedback
inhibition of several isozymes at branched

metabolic pathways (14). Fritz has reported

ahlosteric control of lactate deimydrogena.se-5
by oxalacetate (15). With respect to the
multiplicity of enzymes involved in time syn-

thesis arK! degradation of biogenmic amines,
the distinct physiological roles performed by

each isozyme remain to be elucidated. Pos-
sibly sonic forms are subject to induction by

steroids or drugs, whereas otimers are not (16).

Certain isozymes may represenmt syntimetic
or degradative by-products without addi-
tional physiological significance. Some of

these isozymes may even be artifacts, arising

durimmg time processes of tissue hiomogenmiza-

tiorm amid electrophoresis, although their
markedly different pimysicochemical prop-

erties suggest that they do exist withinm the
cell.
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