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SUMMARY

I�ENDLETON, ROBERT G., AND Sxow, INA B.: The binding order of substrates to phenyl-

ethanolamine N-methyltransferase. Mol. Plianitacol. 9, 718-725 (1973).

We have studied the substrate binding order of S-adenosylmethionine and norepinephrine

to phenylethanohamine N-methyltransferase via the use of two inhibitors of this enzyme.

2-(2 , 5-Dichlorophenyl)cyclopropylamine hydrochloride (SN &F 9208) competitively inhib-
ited norepinephrine as the variable substrate hut was an uncompetitive inhibitor with
respe(t t() S-adenosylmethionine. S-Adenosylhomocvsteine, however, was a competitive

inhibitor with respect to S-adenosylmethionine l)ut noncompetitive as an antagonist of
norepinephrine. These studies are interpreted to suggest a kinetically ordered pattern of

substrate binding to the enzyme, with S-adenosylmethionine being initially bound.

INTRODUCTION

Plienylethanolamine N-methyltransferase

(EC 2.1.1) is an enzyme, highly localized in

the adrenal medulla of mammals, which

catalyzes the final step in epinephrine bio-

synthesis. This reaction requires no cofactor

and itivolves the transfer of a methyl group
from S-adenosyhmethionine to the terminal

nitrogen of norepinephrine (1) (Scheme 1).
Recent studies from two laboratories have

indicated that the “receptor” sites for the
t\\o sul)strates on the phenylethanolamine

N-methvltransferase molecule are probably
different, since chemical (drug) inhibition
of the binding for one may not inhibit that

of the other (2, 3). Indirect evidence has also
been obtained for the presence of a ternary
complex l)et�Veen the enzyme and the two

substrates as an obligatory step in epineph-
rine formation, although the existence of a
“ping-pong” mechamsm as opposed to the

formation of a true ternary complex i��as not.

ruled out (3).

Opinions differ as to the order of binding
of the two substrates for the enzyme prior

to itiitiation of the reaction. Connett and
Icirshner (4) have proposed, based on
data derived from initial substrate-velocity
curves, a random order of norepinephrine
and S-adenosvlmethionine binding, with the
latter hemg the kinetically preferred sub-

strate. Pohoreckv and Baliga (3), on the
other hand, have recently shown that norepi-
nephrine, hut not S-adenosylmethionine,

forms at least a transiently stable bond with
phenylethanolamine X-methyltransferase at

37#{176}arid postulated that norepinephrine is
the preferred first substrate for the enzyme.

The objective of our study is to shied some
light on this problem via the use of two
pharmacological tools, S-adenosylhomocy-

steme and 2-(2 ,5-dichlorophenyl)cyclopro-

pylamine hydrochloride (SN & F 9208). The

former is a product of the phenylethianola-

mitie N-methvltransf erase-catalyzed reaction

and has been shown to itihihit the enzyme
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SCHEME 2

via competition with �S_adenosylmethinOine

for its receptor site (5). SK&F 9208, oti the
other hand, is a compound from our labora-
tories, previously reported as a phettylethanol-
amine N-methyltransferase antagonist (6),
which inhibits the enzyme by a competitive

mechanism w-ith respect to norepitiephrine.
This report presents the effects of these two

drugs upon the kinetics of the phenylethanol-
amine N-methyltransf erase react ion. The

results are subsequently interl)ret ed accord-

ing to the concepts of Clehand (7) for pre-

dictitig substrate binding order. The struc-

tures of these inhibitors are shown in Scheme

METHODS

Standard enzyme assay. A partially puri-
fied, lyophilized phenylethanolamine X-

methyltransferase preparatioti derived from
rabbit adrenals was obtained commercially

OH
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The abbreviations used are: SAM, �S’-adenosyl-

n�ethionine; PNI�IT, phenylethanolamine .V-met Ii�

vit ransferase; SAIl, S-adenosvlhomocyst ci tie.

fron� (1tallard-Schilesitiger Company , where

it was prepared accordiiig to the method of
Saelens ci al. (8). The enzynie i�as solul)iliz(’d

in cold potassium phosphate buffer (167 m�t).
The :loo-,.d reaction mixture contained en-

zyme, 280 �.tg; phosphate buffer (iH 7.4),

50 j.tmoles; l-norepinephrine (Sigma). 9
nnioles; and S-adenosyl [ni el/i�j/� 14( ‘jmet ho-
nine (approximately 20,000 dpm, New
England Nuclear), 9 nmoles. The reaction

mixture ��-as contained in ice prior to mitia-
tion of the assay; norepitiephrine was the last

substituent added. The label �y’is localized on
the reactive methyl group of the S-adenosyl-
methioni.ne molecule. The reaction was
carried out for 30 miii at 37#{176},after which it

was terminated with 1 N HC1 (200 �zl). Ap-

proximately 1 g of solid NaC1 was then
added, and the solution was extracted with
6 ml of acid-washed, NaCl-saturated bu-
tanol. Then 1 ml of the hutanol layer, ton-

taitiitig labeled epinephrine, was added to
10 ml of an aqueous 2 , 5-bis[2’(S’-lerl-

but vlbenzoxazol�-l) ]thiophene phosphor,

counted in a Packard model 3003 liquid

scintillation spectrometer for 10 nun, and

quantitated in terms of nanomoles of epi-
nephrine. A correction was made for the
small amount of S-adenosvl[t4C}methioniiie

(approximately 60 (1pm) coming through

the extraction procedure. Control samples

extracted from norepinephrine (30 pM) -con-

taining assay tubes had approximately 700

dpm exclusive of the blank value; the mini-

mal detectable (p < 0.05) level of radio-

activity above the blank was approximately

25 dpm. The radioactive reactioti product
extracted into the butanol phase was identi-

fied, after acetylation, as epinephrine, using
silica gel thin-layer plates (Merck, F254)

with a ehlorofortn-aeetw acid-ethanol

-CH---C 1-I--NH2

(l_(��) ‘�CH;”

.}4�
Cl
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(95:5:5) solvent system (9). The recovery of

epinephrine in the butanol phase in this as-

say was 85 �c; all results are appropriately
corrected.

The standard conditions used in the above
assay are shown in Fig. 1. The substrate

concentrations used were near, but not over,

the peak of the substrate-dependent portion

of the respective substrate-velocity curve-a
necessary condition for the proper assay of

competitive inhibitors. An additional con-
sideration in selecting the S-adenosyl-

methionine concentration was the main-
tenance of as low a radioactive blank value

as possible. Although the period of enzyme
incubation was long (30 mm), the enzyme
has been shown to remain stable at 39#{176}for

at least 45 mm (4). In kinetic studies the
concentration of the variable substrate was
systematically altered as shown in the figures
accompanying this report. Each assay was

40 SO 120 100 300

S-.ADINOSYLMETHIONINE NOREPINEpHIINE

(jiM) (pM)

FIG. 1. Conditions of assay

The graphs show the effects of time, enzyme

(protein) concentration, and substrate concentra-

tion on reaction velocity. Arrows indicate the con-

ditions selected for the standard assay. In analyz-

ing any one parameter, the standard conditions

were utilized for all other parameters. Each point

is the mean of four determinations. PNMT =

phenylethanolamine N-methyltransferase.

performed in quadruplicate. Regression lines
used in the Lineweaver-Burk plots were

determined by a computerized method of
least squares (10). Apparent K� values were
graphically determined by methods de-

scribed by Dixon ( 1 1 ) and Rose (12) . All

concentrations referred to are final medium
levels, and each variability term refers to
the standard error of the mean (13).

RESULTS

Inhibition of phenylethanolaniine N-rnelhyl-

Iransferase. The relative activities of S-
adenosylhomocysteine and SN &F 9208 as

inhibitors of the enzyme in our standard

assay (Fig. 2) indicate that the compounds
are essentially equipotent (I�� � 10 pM).

The curves for each inhibitor are sigmoid,
suggesting a reversible mode of enzyme

inhibition in which the inhibitor concentra-
tions are in excess of that of the enzyme
(14).

In subsequent studies SK&F 9208 was

found not to be [‘4C]methylated when placed
in our standard enzyme assay, in lieu of

norepinephrine, at concentrations ranging
from 1 to 100 pM. The drug itself was com-
pletely extracted into the butanol phase in

our extraction procedure (determined spec-
trophotometrically). Since the N-methylated
derivative should be even more lipid (bu-
tanol)-soluble than the parent compound, it
is unlikely that the above result was artificial

because of the nonextractability of methyl-
ated SK&F 9208.

Similarly, when S-adenosylhomocysteine

at 30 pM was incubated for 30 mm with ‘4C-
labeled epinephrine (30 pM), no radioactivity,
corresponding on the thin-layer chromatog-

raphy plates to norepinephrine, was found
above that seen in the controls, indicating
that the addition of S-adenosylhomocysteine
to the incubation medium does not reverse

the reaction (Table 1). This finding is in

keeping with the observation of others that

the phenylethanolamine N-methyltrans-

ferase-catalyzed reaction is irreversible (16).

It should be noted that the concentration

of S-adenosylhomocysteine used in this

experiment was the highest level used in

subsequent kinetic studies; also, the amount

of epinephrine present was in excess of that

formed in the latter studies.
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FIG. 2. Dose-response curves showing effects of S-adenosylhomocysteine (SAH) amid SKCt�F 908 as in-

hibitors of phen ylethanolamnine �\ -meth yltransf erase

The standard assay conditions were used. Each point is the mean of four values.

TABLE 1

Irreversibility of phenylethanolamnine

N -mn eth yltran sferase reaction

Conditions Radioactivity

Epinephrinc Xorepine-
phrine

dpm dpm

[“C}Epinephrine (30 pM)

+ enzyme 14,684 ± 32331 ± 49
[‘4C]Epinephrine (30 p�u)

+ S-adenosylhomocys-

teine (30 p�t) + enzyme 14,901 ± 440330) ± 10

[7-#{176}C]Epinephrine (20,926 dpni), with and with-
out S-adenosylhomocysteine, was added to our

standard incubation medium containing 280 pg of
enzyme in a final volume of 30() pl. The mixture

was then incubated for 30 mm at 37#{176}in a meta-

bolic shaker. The reaction was terminated with

0.2 ml of 1 N HC1 and 1.5 ml of 0.2 N acetic acid

containing 1 mg each of epinephrine and norepi-

nephrine. The catecholamines were subsequently

acetylated with acetic anhydride, separated on

silica gel thin-layer chromatography plates, and

assayed for radioactivity (15). Each reaction was

run in quadruplicate. Experiments using labeled

epi nephrine alone, without incubation, revealed a

similar percentage of the label to be present at the

norepinephrine locus on the thin-layer plates to

that observed above (2�).

Kinelic studies. The kinetic studies per-

formed with SK&F 9208 are shown graphi-

cally in Figs. 3 and 4. The substrate-velocity

curves as well as the Linew-eaver-Burk plots

indicate that the inhibition J)rOduced by this
drug at two concentrations was surmount-

able by increasing concentrations of norepi-

nephrine, which is indicative of a competitive

mode of inhibition. However, when 8-

adenosylmethionine was the variable sub-
strate, the antagonism was not surmountable,

and the parallelism of the Lineweaver-Burk

plots is demonstrative of an uncompetitive
mode of inhibition. Appropriate secondary

replots of the primary kinetic data (slopes or

intercepts with respect to inhibitor concen-

tration) were linear, which indicates that

SK&F 9208 is a (‘omplete inhibitor of the

enzyme as opposed to a partial antagonist

(17).
On the ot her hand, 8-adenosylhomocv-

steme is a competitive inhibitor of 8-
aden )sylmethionine at concentrations es-

sentiahly equivalent to those of SK&F 9208

for producing inhibition in our standard
enzyme assay (Fig. 5). These results are

similar to those reported previously by

Deguclii and Barchas (5), showing that 8-

adenosylhomocysteine was a competitive in-

hibit or of kS-adenosylmethionine as the

variable substrate for phenylethanolamine

N-methyltransf erase when normetaneph-

rine was the fixed substrate. Our data also

show that 8-adenosyihomocysteine, at the

same concentrations employed above, is a

noncompetitive inhibitor of the enzyme w-hen

norepinephrine is employed as the variable

substrate (Fig. 6). As with SK&F 9208, the
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FIG. 3. Kinetic analysis of phemiylethanolamn inc .\ -mnethyltraiisfera.se inhibition produced by SKCt�F 9208

at Iwo coneemit rations

Norepinephrine (NE) was the variable substrate; t lie fixed concentration of S-adenosvlniet hionine

was 30 pit. The react ion was conducted for 30 mm; velocity is expressed as nanomoles of epinephrine

produced per assay period.

FIG. 4. Kinelic analysis of phenylethanolamine N -myth tiltransf eras-c ui/i ibition produced by SK&F 9208

(it two concentrations

S-Adenosylmethiunine (SAM) was the variable substrate; the fixed concentration of norepinephrine

was 30 pit. The reaction was conducted for 30 miii; velocity is expresse(l as nanomoles of epinephrine

produced per aSSIIy period.

secondary replots (17) of the kinetic data

\V(’t’d’ linear.

i)ISCUSSION

An enzyme inhibitor (I) increases the

slope of the Linew-eaver-Burk reciprocal plot

relationship wheti it and the variable sub-

strate (8) either compete for the same form
of the etizvme or react with forms in the
reaction sequence which are separated by

reversible steps, such that the effect of I may

he decreased by increasing the concentra-
tions of S. If such a mechamsm occurs alone,

a competitive pattern of enzyme inhibition
results, in which the effects of the inhibitor

may be eliminated at saturating substrate

concentrations (17, 18). On the other hand,

the intercept of the reciprocal plot is (‘hanged

when an inhibitor combines with a form of

the enzyme with which the substrate does
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�‘j S-Adcnosylmethionine (SAM) was the variable substrate; the fixed concentration of tiorepitieplirine

was 30 pit. The reaction was conducted for 30 miii; velocity is expressed as nanomoles of epinephrine

produced per assay period. Concentrations listed above the curves are those of S-adenosylhoniocysteine.
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FIG. 6. Kim, et mc an a lmj.s i.s of ph cmi yletha uiola mine \ -mneIh yltra nsf erase i n/u ibit ion produced by S-a(IC11 osyl-

Ii ow oci,stein e

Norepinephrine (NE) was the variable substrate; the fixed concentration �uf AS-adenosylmethionirte

was 30) pit. The reaction was conducted for 30 lain; velocity is expressed as narionioles of epinephrine

produced per assay period. Concentrations listed above the curves are those of S-adenosvlhomocvsteine.

not react, and saturation with the variable

substrate cannot eliminate the inhibition.

Under conditions in which only the intercept

is altered, the degree of inhibition is in-

dependent of the substrate concentration,

and the Lineweaver-Burk plots for the

control and inhibited reactions are parallel

(17, 18). This mode of enzyme inhibition is

called uncompetitive and is characteristically

produced by combination of the inhibitor
with an enzyme form that occurs after

coml)ination of the variable substrate (19).
If the above mechaiiisrns occur together, or

if enzyme inhibition is produced in such a

way that the effect of the inhibitor is only

partially dependent ott the concentration

of variable substrate, then noncompet itive

inhibition results, in which hot/i the slope

and the intercept of the reciprocal plot are

altered (17, 18).

Based on these considerations and the

Previous evidence for a ternary phenyletha-
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SAM NE E SAH

J�i �1 �1 �1

SCHEME 3

The abbreviations used are: SAM, S-adenosylmethionine; PN�IT, phenylethanolamine N-methyl-

transferase; SAH, S-adenosylhomocysteine; NE, norepinephrine; E, epinephrine.

nolamine N-methyltransferase complex (3),

the inhibition patterns produced by SK&F
920$ and AS-adenosvlhomocysteine are com-

patible with an ordered system of substrate
binding to the enzyme, with uS-adenosylmeth-
ionine being the first substrate bound, as is

shown in Scheme 3 in the graphic shorthand
notation due to Cleland (17). All steps are

considered reversible except the inter-
conversion of the ternary complex (norepi-
nephrine-enzyme-S-adenosylmethionine -�

epinephrine - enzyme -8- adenosylhomocys -

teine). Both S-adenosvlhomocysteine and
SK&F 920$ are considered to he “dead end”
inhibitors (17), since neither is apparently

chemically altered as a result of interacting

with the enzyme.
According to this scheme, the competition

by S-adenosylhomocvsteine with 8-adeno-

svlmethionine for the free enzyme would also
be partially reversible by norepinephrine as

the variable substrate, because, by increas-

ing the rate of conversion of the enzyme-

S-adenosylmethionine complex to the ter-
nary complex, norepinephrine would tend to
accelerate the binding of S-adenosylmethio-
inc to the enzyme by a mass action effect.

Therefore 8-adenosylhomocyst eine should
produce nonconipetitive inhibition of the

transferase when norepinephrine is the

variable substrate, as is in fact the case (17,

18).
Conversely, SK&F 9208 inhibits l)henyl-

ethanolamine -V-methyltransf erase in this

scheme by competing w-ith norepinephrine

for the enzyme-S-adenosylmethionine form

of the transferase. The reaction would not l)e

reversed by the addition of 8-adenosyl-

methionine, since this would also provide

additional enzyme - S - adenosylmethionine

complex with which the inhibitor could

combine. Thus SK�F 9208 would be pre-
dicted to inhibit the enzyme uncompetitively

when 5-adenosylmethionine is the variable

substrate, as is found experimentally (17,

18).
Alternatively, if S-adenosylmethionine

and norepinephrine reacted randomly with
the enzyme, one might expect competitive

inhibitors for either substrate to inhibit the
other by at least the same kinetic mccli-

anism. tfhis is obviously not the case.

I�urthermore, the observation that SK&F
9208 inhibits S-adenosylmethionirie uncom-

petitively is totally incompatible with a
random substrate-binding pattern (17, 18).

A “ping-pong” mechanism, in which 8-
adenosylmethionine would bind, donate a
methyl group to the enzyme, and then leave
the reactive site (as 8-adenosyihomocy-

steine) prior to the binding of norepineph-
rine, is also incompatible with our data. For

this to occur, S-adenosylhomocysteine should

show competitive kinetics with respect to

norepinephrine (but not with 8-adenosyl-

methioni tie) while epinephrme should com-

pete with 8-adenosylmethionine for the free

form of the enzyme (17, 18). The former has
been show-n not to be true in this report,

while epinephrine has previously been

showii to inhibit S-adenosvlmethionine in

an uncompetitive manner (9).

These observations, in general, support

the hypothesis of Connett and Kirshner (4)

that. 8-adenosylmethionine is the kineticahly

Preferred first substrate for phenylethanola-

mine �V-methyltransferase. However, the

observations do not deiiv the possibility that

norepinephrine may also bind independently

to the enzyme under certain conditions. The

kinetic data simply suggest that the rate of

reaction of S-adenosvlmethionine with the

free enzyme is greater than with norepineph-

rine, and therefore it is the preferred first

substrate to he bound.
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