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plasma and the addition of toxic doses of salicylate to
human serum altered the binding of MeTHE (lable 1). It
is possible. however. that, if a larger number of experiments
had been performed. the binding of added {4+ MeTHF to
frozen serum or to serum at 43" or to serum to which pro-
benecid was added might have differed significantly from
that of controls. Similar effects of salicylate on the binding
of other weak carboxylic acids has been reported [7].

This study. however, documents only the binding of
added MeTHF to normal fasting serum and the binding of
endogenous folate when measured by the competitive bind-
ing method with f-lactoglobulin [11]. The explanation for
the different values obtained for lolate binding by these two
methods is not clear. Moreover. extrapolation of these
results to folate-depleted paticnts may not be warranted
[t1,14].

In conclusion. added MeTHF is 60 70 per cent bound to
fresh scrum of normal men after an overnight fast. Albumin
could account for the major portion of the binding and the
binding did not appear to be stereospecific. Drugs including
diphenylhydantoin. probenecid and salicylate have only a
minimal, il any, effect on added MecTHF binding at thera-
peutic dosages (Table ). Moreover, increasing the con-
centration of MeTHF in serum by over a thousand times
did not alter the percentage of MeTHF bound.

REYNOLD SPECTOR
A. V. LORENZO
Davib E. Drum

Departments of Medicine.

Pharmacolog v, Radiology and
Newrology.

Harvard Medical School,

The Children’s Hospital Medical Center and

The Peter Bent Brigham Hospital,

Boston, Mass. 02115, U.S.A.

Short communications

REFERENCES

. T. Markkanen, Life Sci. 7, 887 (1968).
. T. Markkanen and O. Peltola, Acta hacmar. 43, 272
{1970).
3. T. Markkanen. R. -L. Pajula. S. Virtanen and P.
Himanen, 4cta haemat. 48, 145 (1972),
4. T, Markkanen, P. Himanen, R. -L. Pajula and G. Mol-
nar. Acta haemat. 50, 284 (1973).
5. R. Spector. R. Vernick and A. V. Lorenzo, Biochem.
Pharmac. 22, 2485 (1973).
6. W.D. Hooper, F. Bochner, M. 1. Eadie and J. H. Tyrer.
Clin. Pharmac. Ther. 15, 276 (1974).
7. R. Spector. D. T. Korkin and A. V. Lorenzo, J. Pharm.
Pharmac. 24, 786 (1972).
8. R. F. Pratt and B. A. Cooper. J. clin. Invest. 50, 455
(1971).
9. 0. D. Bird, V. M. McGlohon and J. W. Vaitkus, Analyt.
Biochem. 12, 18 (1965).
10. P. F. Nixon and }. R. Bertino, Analyvt, Biochem. 43, 162
(1971}
11. S, Waxman and C. Schreiber, Blood 42, 281 (1973).
12. J. P. Brown. G. E. Davidson and J. M. Scott, J. Chro-
mat. 79, 195 (1973).
13. S. P. Rothenberg. M. daCosta and Z. Rosenberg, New
Engl. J. Med. 286, 1335(1972).
14, B.A. Kamenand J. D. Caston. J. Lah. clin. Med. 83, 164
(1974},
15, D. Colquhoun, Lectures on Biostaristics, p. 210. Oxford
University Press, Oxford (1971).

3

Biochemical Pharmacology, Vol 24, pp. 544 546. Pergamon Press, 1975. Printed in Great Britain.

Substrate and inhibitor kinetics of bovine phenylethanolamine-N-methyltransferase

(Received 13 April 1974; accepted 12 July 1974)

The methylation of norepinephrine, the final step in the syn-
thesis of epinephrine, is catalyzed by phenylethanolamine-
N-methyltransferase (PNMT). This enzyme was partially
purified {rom monkey adrenal gland [1] and was found to
have an exclusive specificity for both ring-substituted and
unsubstituted phenylethanolamines. Subsequent studies [2}
also pointed out that f-hydroxyphenylethylamines (pheny-
lethanolamines) are much better substrates than the unsub-
stituted phenylethylamine dertvatives {> 100:1), although
the latter are methylated to a limited extent. Using PNMT
isolated from the rabbit. Fuller et al. {37 showed that f-keto
dopamine {arterenone) and 3,4-dichloro-fi-amino-phenyl-
ethanolamine are also suitable substrates, suggesting that
nucleophilic groups other than hydroxyl can interact with
the enzyme, Recently, Laduron [4] reported the methyla-
tion of dopamine by PNMT. This paper will report on the
substrate specificity and the inhibitor kinetics of PNMT
using a purer enzyme preparation than other studies have
utilized.

Bovine PNMT was purified by a modification of the
method of Connett and Kirshner {57, as described by Ciar-
anello and Axelrod [6]. Briefly, protein from adrenal medul-
lae that precipitates at an ammonium sulfate concentration
of 30-60%, was taken up in 50 mM potassium phosphate
buffer, pH 7-2, and made 0-5 mM in dithiothreitol. After di-
alysis against the same buffer, the protein solution was
adjusted to pH 5 and centrifuged. The pH of the superna-
tant was then brought up to 7. and the material was again
dialyzed as before. Afterwards, the solution was applied to
a G-100 Sephadex column. The peak, corresponding to a
molecular weight of 40,000 was applied to a2 DEAE-
Sephadex A-50 ion-exchange column. When the peak frac-
tions from this column were pooled, concentrated and sub-
jected to sodium dodecyl sulfate-acrylamide clectrophore-
sis [6]. a single staining band was observed. PNMT was
assayed as previously described [1]. Each reaction tube
contained S ymoles potassium phosphate buffer, pH 79, 2§
ug protein, 2 nmoles **C-S-adenosylmethionine (523 mCy/
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Table 1. Michaelis-Menten constants for phenylethanolamine-N-methyltransferase*

K, + S.D. V..t SD.
(uM) (nmoles/min)

f-Hydroxy analogues
L-Norepinephrine &4 + 10 19 + 01
L-Octopamine 14 + 0l 16 + 00
Phenvlethanolamine 82+ 6 274+ 01
L-Epinephrine 236+ 12 015 + 001
L-Normetanephrine 382 + 38 14401
Substituted phenylethylamines
Dopamine 800 + 300 0320 + 0039
Tyramine 2400 + 300 0-040 + 0003
Phenyvlethylamine 2000 £+ 300 0010 + 0001
Epinine Not tested

3-Methoxytyraminet

* Michaelis-Menten constants and V,,,, values were determined by a computer program on a Wang 700B calculator.
Product yields have not been corrected for recovery from the organic solvents used in the extraction process. The product
yields usually obtained in this laboratory are: L-epinephrine (from acid-butanol), L-synephrine and L-metanephrine (from
toluene—isoamyl alcohol, 3:2) 80-90 per cent; N-methylphenylethanolamine {from toluene—isoamyl alcohol, 97:3) 85-95

percent 1]
+ No detectable activity was seen with this compound.

m-mole, New England Nuclear Corp.) and substrate in a
final volume of 210 ul.

The substrate kinetics for several phenylethylamines and
phenylethanolamines are shown in Table 1. Substitution of
4-OH or 3,4-OH on the ring increases affinity of the enzyme
for phenylethanolamines. 3-O-methylation, a step in cate-
cholamine metabolism. decreases the affinity of the sub-
strate. While phenylethanolamines are clearly the preferred
substrates, phenylethylamine, tyramine and dopamine are
also substrates for PNMT. The physiologically occurring
substrate with the lowest K, is generally considered to be
the natural substrate for the enzyme. The data indicate the
order of preference for the adrenal catecholamines to be:
norepinephrine > epinephrine » dopamine. The observa-
tion that dopamine is a substrate for PNMT has led to the
proposal that conversion of dopamine to epinine, followed
by f-hydroxylation, is the principal route of epinephrine
biosynthesis in rive [4]. The kinetic analysis performed here
has made this conclusion unlikely for the following rcasons:
{a) norepinephrine has a much higher {125-fold) affinity for

Tablc 2. Inhibitor constants for phenylethanolamine-N-

methyltransferase*
K; Type of apparent
{¢M) inhibition

L-Octopamine 64 Mixed
L-Norepinephrine 59 Non-competitive
Phenylethylamine 3600 Competitive
Tyramine 6100 Competitive
3-Methoxytyramine No inhibition
Dopamine 8000 Competitive

* K, values were determined graphically by the method of
Lineweaver-Burk or by the method of Dixon and
Webb [9]. Phenylethanolamine was used as the substrate
for K; determinations at saturating concentrations (0:15
mM).

PNMT than does dopamine; (b) norepinephrine is N-meth-
ylated at a rate at least six times faster than dopamine; and
{c) adrenal dopamine concentration is extremely low rela-
tive to the norepinephrine content [7].

{a } NOREPINEPHRINE AS INHIBITOR
© Normetanephrine
a Normetanephrine + 22 uM
norepinaphrine

17V (Units)"!
o 8 W

<)

(b} EPINEPHRINE AS INHIBITOR
© Normetanephring
& Normetanephring + {70 uM
apinephrine

1 7v {units)™

. .
0.010  0.020
178 { umoles Normetanepheing )

Fig. 1. Inhibition of PNMT by norepinephrine and

epinephrine. Lineweaver—Burk plot of the inhibitory effect

of: (a} norepinephrine. and (b) epinephrine on the N-methy-

lation of normetanephrine. Units are nmoles of product/hr.

These plots indicate that norepinephrine appears to inhibit

competitively, while epinephrine appears to inhibit
non-competitively.
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Norepinephrine, octopamine, phenylethanolamine and
normetanephrine inhibit PNMT at high substrate concen-
trations [8]. Both phenylethylamines and phenylethanola-
mines inhibit the methylation of phenylethanolamine. Using
a single concentration of inhibitor, Fuller and Hunt [8]
reported that phenylethylamines are generally better inhibi-
tors than are phenylethanolamines. Kinetic studies shown
in Table 2, however, demonstrate that K; values for pheny-
lethanolamines are 1000 times lower than the K, values for
phenylethylamines. With the exception of dopamine, the K
values for these amines are approximately equal to their K,
values. PNMT, therefore, exhibits both substrate (nore-
pinephrine) and product (epinephrine) inhibition. Dopa-
mine, an earlier compound in the metabolic pathway of
epinephrine synthesis, has no appreciable inhibitory effect
on PNMT.

When normetanephrine is used as a substrate for PNMT,
norepinephrine acts as a competitive inhibitor, while
epinephrine is a non-competitive inhibitor (Fig. 1). Fuller
and Hunt [10] also reported that epinephrine inhibits nore-
pinephrine in a non-competitive manner. These observa-
tions indicate that epinephrine and norepinephrine might
have separate binding sites on the PNMT molecule,
although both can be methylated using S-adenosylmeth-
ionine as the methyl donor.
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