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Inhibitors of phenylethanolamine N-methyltransferase [PNMT, the enzyme that catalyzes the final step in
the biosynthesis of epinephrine (Epi)] may be of use in determining the role of Epi in the central nervous
system. Here we describe the synthesis and characterization of 7-SCN tetrahydroisoquinoline as an affin-
ity label for human PNMT.
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Figure 1. Structures of PNMT inhibitors described in the text.
Phenylethanolamine N-methyltransferase (PNMT; EC 2.1.1.28)
catalyzes the terminal step in catecholamine biosynthesis, i.e.,
the S-adenosyl-L-methionine (AdoMet)-dependent conversion of
norepinephrine to epinephrine (adrenaline).1,2

PNMT has been found in high levels in the chromaffin cells of
the adrenal medulla1 where epinephrine is secreted as a hormone,
particularly during periods of stress. The enzyme has also been
found in the medulla oblongata and the hypothalamus,3,4 and in
the sensory nuclei of the vagus nerve,5 where epinephrine is pro-
posed to function as a neurotransmitter. It has been suggested that
central nervous system (CNS) epinephrine may be involved in a
wide range of activities including central control of blood pressure
and respiration,4,6 the secretion of hormones from the pituitary,7

and the control of exercise tolerance.8 More recently it has been
suggested that CNS epinephrine may be responsible for some of
the neurodegeneration found in Alzheimer’s disease.9–11

It has been shown that CNS-active PNMT inhibitors such as
SK&F 64139 (1, Fig. 1) provide a decrease in brain epinephrine con-
tent and peripheral blood pressure when administered to hyper-
tensive rats.12 By contrast, PNMT inhibitors such as SK&F 29661
(2, Fig. 1) that do not cross the blood–brain barrier, are ineffective
in lowering blood pressure.6 However, interpretation of these re-
sults is complicated by the fact that most PNMT inhibitors also
interact with central a2-adrenoceptors.13 Thus, it is not clear
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whether the observed decrease in blood pressure upon administra-
tion of CNS-active PNMT inhibitors is caused by a reduction in lev-
els of brain epinephrine due to PNMT inhibition, or as a result of
the interaction of the inhibitors with a2-adrenoceptors. Taken to-
gether these observations suggest that it will be difficult to assess
the role of CNS epinephrine without developing specific inhibitors
of PNMT that have the ability to cross the blood–brain barrier but
do not react with a2-adrenoceptors. As a consequence there have
been numerous studies aimed at developing potent and specific
PNMT inhibitors. While many of these inhibitors have been benzyl-
amine derivatives,14,15 the majority have contained the tetrahydro-
isoquinoline (THIQ) nucleus.16–18

Recently, the X-ray structure of hPNMT in complex with both 2
and S-adenosyl-L-homocysteine was determined.19 The structure
shows that a lysine residue, Lys57, interacts with the sulfonamide
oxygens of 2 (Fig. 2). This suggested to us that it may be possible to
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Figure 2. Active site of human PNMT (hPNMT) highlighting interactions with SK&F
29661 (2). Data from PDB ID 1HNN.

Time (min)
0 5 10 15 20 25 30

N
-m

et
hy

lp
he

ny
le

th
an

ol
am

in
e 

(p
m

ol
)

0

20

40

60

80

Figure 3. Reaction time course for PNMT activity in the absence (d) and presence
of 100 nM (s), 200 nM (.) and 500 nM (r) 3. After appropriate time intervals the
reaction was quenched and the extent of product formation was measured.31
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Figure 4. Irreversible inactivation of hPNMT with 3. hPNMT (1 lM) was incubated
in the absence of inhibitor (j), with 2.5 lM 2 (r), or with 2.5 lM 3 (d). At the
indicated times aliquots were diluted 1:50 into the standard assay mixture and the
PNMT activity determined.
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target this residue with an affinity label designed to cross the
blood–brain barrier yet have greater specificity for PNMT than 1.
Isothiocyanates have been successfully used as affinity labels as
they react readily with lysine residues to form stable N,N0-dial-
kylthioureas.20,21 Fluorescein isothiocyanate (FITC), for example,
is commonly used to label lysine residues in the active site of en-
zymes such as H+,K+-ATPases,22–24 while benzyl isothiocyanates
are used to label cytochrome P450 enzymes.25–27 Given the prox-
imity of the 7-aminosulfonyl group to Lys57 and the fact that 2
binds to hPNMT with sub-micromolar affinity,28 it appeared that
7-isothiocyanato THIQ (3) may act as an efficient affinity label
for the enzyme. Here we describe the synthesis of 3 and its reaction
with hPNMT.

Compound 3 was synthesized by reaction of 429 with thiophos-
gene in acetone at 0 �C.30 In a preliminary experiment the IC50 va-
lue for 3 was determined at a phenylethanolamine (PEA)
concentration of 100 lM (�Km, Table 1) using standard assay con-
ditions.31 A value of 80 ± 8 nM was obtained, which increased to
260 ± 20 nM when the PEA concentration was increased to
500 lM (5 � Km). These results confirmed that 3 was an excellent
inhibitor of hPNMT and suggested that inhibition was competitive
with phenylethanolamine with a Ki of ca. 40 nM.

Figure 3 shows that, in the absence of inhibitor, the hPNMT-cat-
alyzed methylation of phenylethanolamine proceeds in a linear
fashion. By contrast, in the presence of 3, the rate of methylation
decreases in a time-dependent manner. In these experiments there
is no pre-incubation of enzyme and inhibitor and the reaction time
course can be described by a slow-onset inhibition equation (Eq.
(1)), where vs is the terminal steady-state velocity, vo is the initial
velocity, and kobs is a pseudo first order rate constant for the onset
of inactivation.32,33

½P� ¼ mst þ ½mo � m=kobs�ð1� e�kobst Þ ð1Þ

The best fits of the data in Figure 1 were obtained by fixing vs = 0.
This result is consistent with 3 acting as an affinity label for, if
Table 1
Kinetic parameters (±SEM) for WT and K57A hPNMT

WT K57A

kcat (min�1) 2.8 ± 0.1a 4.0 ± 0. 7a

Km PEA (lM) 100 ± 4a 1300 ± 10a

Km AdoMet (lM) 3.9 ± 0.2a 12 ± 2a

Ki 2 (lM) 0.12 ± 0.02a 6.9 ± 0.1a

Ki (app) 3 (lM) 0.05 ± 0.01b 2.6 ± 0.5b

a Data from Ref. 28.
b Ki (app) values determined under standard assay conditions without regard to

any inactivation occurring.
the enzyme was totally inactivated, the terminal velocity (vs) would
be zero.

To explore this possibility we then carried out a dilution exper-
iment with the results shown in Figure 4. When hPNMT was incu-
bated with 2.5 lM 3 at pH 7.5 and 30 �C, the enzyme was
progressively inactivated. The loss of activity occurred according
to a single-exponential decay function (kobs = 0.12 ± 0.01 min�1),
and resulted in almost totally inactivated enzyme (<0.5% residual
activity in most cases). Conversely, there was virtually no change
in activity when the enzyme was incubated at 30 �C in the absence
of inhibitor. In an additional control reaction, the enzyme was
incubated with 2 under the same conditions. Upon dilution the en-
zyme recovered essentially full activity, a clear indication that inhi-
bition by 2 is reversible, in direct contrast to the loss of activity
observed upon incubation with 3.

To determine the extent of incorporation of label into hPNMT
the enzyme was incubated for 1 h with varying concentrations of
3. After that time the residual activity was measured. Figure 5
shows that labeling is stoichiometric with 0.95 ± 0.2 molecules of
3 per active site.

The experiments described thus far cannot conclusively distin-
guish between a covalently bound inhibitor and a slow onset,
tight-binding inhibitor.34 However, it is unlikely that a noncovalent
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Figure 5. Stoichiometry of inactivation of hPNMT.
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complex will survive the conditions employed in a LC–MS experi-
ment.35 Accordingly, LC–MS was used to obtain the molecular
weights of the wild-type and the 3-inactivated hPNMT. Reaction
of 3 with a single lysine residue would result in the addition of
190 to the molecular weight of the enzyme.

The deconvoluted mass spectrum of WT hPNMT provides a
molecular weight of 30,725 Da which is consistent with the en-
zyme lacking its N-terminal methionine.36 By contrast the spec-
trum of the labeled enzyme provides a molecular weight of
30,916 Da (Fig. 6). The mass difference of 191 suggests that the
reaction is indeed irreversible, and is consistent with the data in
Figure 5 indicating that a single residue is labeled.

In an attempt to identify the residue labeled by 3 a sample of
labeled enzyme was subjected to trypsin digest and analyzed by
LC–MS. An identical treatment of unlabeled hPNMT provided a
control. Tryptic digest of the wild-type enzyme is expected to pro-
vide 27 fragments arising from cleavage at 7 lysine and 19 arginine
residues. Of these we were able to detect 21 individual peptides by
LC–MS. These included four of the peptides arising from cleavage
at lysine, each of which was also seen in the digest of the labeled
enzyme. In an attempt to increase coverage of the digest we turned
to MALDI TOF analysis of the digestion mixture. This enabled us to
see an additional 5 peptides, including 2 arising from cleavage at
lysine, only one of which was present in the digest of the labeled
enzyme. Overall, this left us with two candidate residues, Lys57
and Lys143.
Figure 6. Multiply charged mass spectrum of hPNMT labeled with 3. The inset
shows the Maxent deconvolution. The theoretical Mr are 30,724 Da and 30,914 Da
for unlabeled and labeled hPNMT, respectively.
A further digestion was carried out, this time using LysC pro-
teinase which cleaves solely at lysine residues. In this instance,
only 3 recognizable peptides were observed in the MALDI mass
spectrum. These peptides spanned hPNMT residues 136–151,
249–269 and 270–278. Fortuitously, the covered region included
Lys143 and, as all three peptides were observed in LysC digests
of both labeled and unlabeled enzyme, it was concluded that
Lys57 was the labeled residue. Details of the mass spectrometry
analyses are provided as Supplementary Material.

Another way to confirm that Lys57 is the residue being labeled
by 3 is to examine the extent of labeling in the absence of any pos-
sible interaction. Towards this end we utilized the his6-tagged
hPNMT K57A mutant.28 A kinetic analysis, detailed in Table 1,
showed that the kcat for the reaction was largely unaffected, as
was the Km for AdoMet. However, the Km for PEA increased about
13-fold suggesting most of the effect of this mutation was on the
binding of this substrate. Both 2 and 3 were found to be competi-
tive inhibitors of hPNMT K57A. As might be expected given the
interaction shown in Figure 2, the affinity of this variant for 2 de-
creased 60-fold, while the affinity for 3 decreased 50-fold. Most
importantly the interaction between the K57A mutant and 3 was
found to be reversible in a dilution experiment such as that in
Figure 4, and by LC–MS analysis where a Mr of 31,614 was ob-
tained for both labeled and unlabeled enzyme (data not shown).
Taken together, the results suggest that 3 is an efficient and selec-
tive affinity label for hPNMT.
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