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The X-ray structure of human phenylethanolamine N-methyltransferase (hPNMT) complexed
with its product, S-adenosyl-L-homocysteine (4), and the most potent inhibitor reported to date,
SK&F 64139 (7), was used to identify the residues involved in inhibitor binding. Four of these
residues, Val53, Lys57, Glu219 and Asp267, were replaced, in turn, with alanine. All variants
had increased Km values for phenylethanolamine (10), but only D267A showed a noteworthy
(20-fold) decrease in its kcat value. Both WT hPNMT and D267A had similar kcat values for a
rigid analogue, anti-9-amino-6-(trifluoromethyl)benzonorbornene (12), suggesting that Asp267
plays an important role in positioning the substrate but does not participate directly in catalysis.
The Ki values for the binding of inhibitors such as 7 to the E219A and D267A variants increased
by 2-3 orders of magnitude. Further, the inhibitors were shown to bind up to 50-fold more
tightly in the presence of S-adenosyl-L-methionine (3), suggesting that the binding of the latter
brings about a conformational change in the enzyme.

Phenylethanolamine N-methyltransferase (PNMT;
EC 2.1.1.28) catalyzes the terminal step in catechola-
mine biosynthesis, i.e., the conversion of norepinephrine
(1) to epinephrine (2, Figure 1) with the concomitant
conversion of S-adenosyl-L-methionine (AdoMet, 3) to
S-adenosyl-L-homocysteine (AdoHcy, 4).1,2 Although
epinephrine (Epi, 2) makes up 5-10% of the total
catecholamine content of the brain,2,3 its function within
the central nervous system (CNS) is not well under-
stood.4 Over the years it has been implicated in activi-
ties ranging from central control of blood pressure5 and
respiration,6,7 to the secretion of hormones from the
pituitary.8 It may even be responsible for some of the
neurodegeneration found in Alzheimer’s disease.9,10 It
is conceivable that an inhibitor of PNMT could be used
to regulate levels of 2 within the CNS, thus providing
considerable assistance in elucidating the role(s) of
central Epi (2).

Shortly after the isolation of PNMT it was recognized
that phenylethylamines and amphetamines were able
to competitively inhibit PNMT11-13 and that potency
could be greatly enhanced by the addition of chlorine
substituents to the aromatic ring.13 Later benzylamines
were also shown to be competitive inhibitors of PNMT,
with activity being increased not only by halogen
substituents on the aromatic ring, but also by the
addition of an R-methyl group.14 The benzylamines, such
as 2,3-dichloro-R-methylbenzylamine (5, Figure 2), gen-
erally were more potent than the amphetamines, ex-

emplified by 3,4-dichloroamphetamine (6, Figure 2), and
were the first to be used as inhibitors of catecholamine
biosynthesis in vivo.15 Constraining the aminoethyl side
chain of â-phenylethylamine into a fused ring system
also resulted in increased PNMT-inhibitory activity in
vitro.16 This led to the to the development of the 1,2,3,4-
tetrahydroisoquinoline (THIQ) derivatives, SK&F 64139
(7)16,17 and SK&F 29661 (8),18 and as well as the
2,3,4,5-tetrahydro-1H-2-benzazepine (THBA) derivative,
LY134046 (9, Figure 2).19 Both 720 and 919 proved to be
effective in vivo inhibitors of adrenal and CNS PNMT,
but, in vivo, 8 only inhibited the adrenal enzyme.18

Many of the PNMT inhibitors that are sufficiently
lipophilic to cross the blood-brain barrier, such as 7
and 9, have been found to interact with other biologi-
cally important sites, such as the R2-adrenoceptors,
thereby limiting their utility as pharmacological tools.17,19

While 8 is selective for PNMT, there are varying reports
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Figure 1. PNMT catalyzes the transfer of an activated methyl
group from S-adenosyl-L-methionine (3) to the amine of
norepinephrine (1) forming epinephrine (2) and S-adenosyl-
L-homocysteine (4).

7243J. Med. Chem. 2005, 48, 7243-7252

10.1021/jm050568o CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/14/2005



about its ability to cross the blood-brain barrier.18,21,22

The most recent evidence suggests that it cannot, which
would also render it ineffective as a pharmacological
tool.22 Initially, molecular modeling techniques were
employed to design more potent and selective PNMT
inhibitors with testing being carried out against the
bovine enzyme.23,24 Subsequent crystallographic studies,
facilitated by the expression and purification of human
PNMT (hPNMT) from Escherichia coli,25 resulted in the
solution of the X-ray structure of hPNMT cocrystallized
with 4 and several inhibitors.26,27

The X-ray structures show that the active site is
covered, rather like that of several AdoMet-dependent
small molecule methyltransferases such as glycine,28

histamine,29 and guanidinoacetate30 N-methyltrans-
ferases. Although it is clear that a significant confor-
mational change is required to make the active site
accessible for the binding of substrates and/or inhibitors,
the hPNMT structures could be used to model the
binding of 1 in the active site.26 The model suggested
that many of the residues interacting with the inhibitors
are also likely to be involved in substrate binding and
that, as predicted by earlier structure-activity studies,31

the â-hydroxyl group of the substrate is likely to occupy
the same region in space as the aliphatic nitrogen of
THIQ or THBA-type inhibitors.

Although there have been considerable advances in
the development of potent and highly selective inhibitors
of hPNMT that are predicted to cross the blood-brain
barrier,32,33 the enzyme itself has undergone very little
structural or mechanistic analysis. Here we describe the
crystal structure of hPNMT complexed with the reaction
product, 4, and the potent THIQ inhibitor, 7. By
comparison with the binding of the THBA derivative,
9, we identified several residues at the active site that
are expected to be important in substrate and inhibitor
binding. These were mutated and subjected to kinetic
analysis.

Results and Discussion

Comparison of the Binding of 7 and 9 to hPNMT.
Derivatives containing either a THIQ or a THBA

nucleus (Figure 2) have proved to be effective inhibitors
of PNMT.16-19 Compounds 7 and 9 are THIQ and THBA
inhibitors, respectively, both of which have two chloro
substituents on the aromatic ring and both are able to
cross the blood-brain barrier to inhibit the CNS en-
zyme. They differ only in the size of the fused aliphatic
ring. Comparison of the binding of 7 and 9 in the
hPNMT active site will be useful in examining the effect
of the different fused ring structures on molecular
recognition by hPNMT. The structure of the hPNMT‚
4‚9 complex has recently been published,27 and we have
now determined the structure of the hPNMT‚4‚7 com-
plex. Crystals of this complex were found to be isomor-
phous with those of the previously determined struc-
tures.26,27 The hPNMT‚4‚7 structure was solved by
difference Fourier methods and refined at 2.4 Å resolu-
tion with excellent statistics (Table 1). Figure 3 shows
the binding of (A) 7, (B) 8, and (C) 9 in the hPNMT‚4
complex. The aromatic ring of each inhibitor slots into
a narrow cleft between the side chains of Asn39 and
Phe18226,27 with further positioning being mediated by
interactions with several recognition residues. Table 2
provides a more detailed summary of the individual
binding interactions between four of these residues,
Val53, Lys57, Glu219, and Asp267, and the three
inhibitors. These results show that, when compared
with 7 (Figure 3D), the larger pucker of the fused ring
of 9 leads to a different recognition of their amines.
First, the positions of the nitrogens of the two inhibitors
are separated by 1.3-1.5 Å in the active site. Second,
the ring nitrogen of 7 (and other THIQ inhibitors)27

interacts directly with Glu219 and indirectly with
Asp267, whereas the nitrogen of the THBA inhibitor,
9, interacts directly with Asp267 (displacing a bridging
water molecule) and via a considerably longer interac-
tion with Glu219 (3.1-3.8 Å). The fused ring systems
of the two are separated by 0.6-1.0 Å in the active site,
but this does not translate to a significantly different
recognition of the halogen substituents on the aromatic
rings. Both halogens on 7 and 9 make similar van der
Waals interactions with Val53 and Lys57, which is

Figure 2. Structures of PNMT substrates and inhibitors
described in the text.

Table 1. X-ray Data and Refinement Statistics for HPNMT:4:7
Complex

hPNMT:4:7

space group P43212
unit cell (Å)
a,b 93.9
c 188.3
R,â,γ 90
observations 234499
unique reflections 33827
resoln range (Å) (top shell) 33.25-2.4 (2.49-2.4)
I/σ(I) 10.5 (3.3)
completeness (%) 100 (100)
Rmerge (%) 7.8 (43.1)
Refinement
reflns (|F| > 0) of working set (test set) 30372 (3362)
Rcryst/Rfree 21.3/24.3
no. non-hydrogen atoms
protein and ligands 4226
water 207
rmsd from ideal geometry 0.006
bond length (Å) 1.32
bond angle (deg)
Ramachandran
% in most favored region 90
% in disallowed region 0.2
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consistent with earlier results27 suggesting that the
enzyme accommodates structural and chemical differ-
ences in the aromatic substituents of the inhibitors by
making conformational adjustments to Val53 and Lys57.
In addition, these results show that, small differences
notwithstanding, THIQ inhibitors with hydrophobic
substituents such as 7 and 13 bind in the same mode
as the hydrophilic inhibitor, 8. On the basis of QSAR
and CoMFA analysis, it had been predicted that a
hydrophilic inhibitor would bind in a distinctly different
orientation than a hydrophobic inhibitor.23,24 Clearly
this is not the case.

Given that previous structure-activity studies sug-
gest that the ring nitrogen of the THIQ/THBA inhibitors
mimics the â-hydroxyl group of the phenylethanolamine
substrate,31 it is likely that phenylethanolamine sub-

strates would bind in such a manner that Val53 and
Lys57 would interact with substituents on the aromatic
ring. The â-hydroxyl group has been shown to be vital
for methylation to take place,2,12,34-36 although there are
some examples of methylation of conformationally de-
fined phenylethylamines lacking the side chain hy-
droxyl.36,37 It is likely that the correct orientation of the
substrate will be achieved through the interaction of the
â-hydroxyl group with Glu219 and Asp267, and, fur-
thermore, it is conceivable that Glu219 may play a role
in activating the aliphatic amine for its nucleophilic
attack on 3.26

To assess the relative importance of the residues
contributing to both substrate binding and the recogni-
tion of the THBA and THIQ inhibitors, we replaced, in
turn, each of Val53, Lys57, Glu219, and Asp267 with

Figure 3. Comparison of THIQ and THBA inhibitor binding to PNMT. Binding mode of (A) 7 in orange (B) 8 in purple, and (C)
9 in yellow after superimposition of the enzyme structures, showing hydrogen bond interactions and orientations of active site
residues described in the text. The amine-interacting water from the cocrystal structures with 7 and 8 are shown. (D)
Superimposition of the bound conformations and orientations of the THIQ inhibitor 7 and THBA inhibitor 9. The figure was
generated using Molscript v2.0.162 and Raster3D V2.7c.63

Table 2. Distances of HPNMT Contactsa with (A) 7, (B) 8, and (C) 9

hPNMT (A) 7b (B) 8c (C) 9d

interacting atom ligand atom distance (Å) ligand atom distance (Å) ligand atom distance (Å)

Val53 CG1 7-Cl 3.7 O2 3.2 8-Cl 3.2
O1 5.0 9-Cl 4.5
N′ 4.1-4.7

Val53 CG2 7-Cl 3.5-4.5 O2 4.0 8-Cl 3.8
O1 4.6 9-Cl 5.0
N′ 3.7

Lys57 NZ 7-Cl 3.6 O1 2.6 8-Cl 3.9
O2 3.3

E219 OE1 N1 2.9 N1 2.8 N1 3.1-3.8
E219 OE2 N1 3.5 N1 3.3
D267 OD2 N1 3.6 N1 3.4 N1 2.6
Wat OH2 N1 2.7 N1 2.8

a Cutoffs used are 4 Å for possible hydrogen bond interactions and 5.0 Å for van der Waals interactions. Values are an average of the
measurements for the two PNMT complexes in the asymmetric unit of the crystal structure, or given as a range if the values differ by
more than 0.3 Å. b Data from this work, solved at 2.4 Å resolution. c Obtained using coordinates from PDB 1HNN26 solved at 2.4 Å resolution.
d Obtained using coordinates from PDB 1N7I27 solved at 2.8 Å resolution.
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alanine. In addition, Asp267 was also replaced with
asparagine.

Contribution of Mutated Residues to Substrate
Binding and Catalysis. The kinetic constants of the
C-terminally 6X-histidine tagged hPNMT enzyme have
been reported previously32,38 to be essentially identical
to those obtained from the untagged enzyme. The WT-
his6 variant (hereafter referred to as WT) can be rapidly
purified, and, consequently, the mutants were prepared
as his6-tagged variants. All mutants were routinely
expressed and purified by affinity followed by size-
exclusion chromatography as described previously.32,38

The circular dichroism spectra of WT hPNMT, and the
mutants were essentially identical, indicating that the
mutations had not resulted in any gross changes in
secondary structure (data not shown). Of course, small
localized changes in conformation cannot be ruled out.

The kinetic constants for WT hPNMT and all mutants
are listed in Table 3. In line with previous observa-
tions,38 the WT-enzyme was found to operate by a
sequential mechanism with Km values of 3.4 and 100
µM for 3 and phenylethanolamine (10), respectively. The
Km values are lower than the corresponding values of
Kd, the dissociation constant for the hPNMT‚substrate
binary complex (which provides a measure of the
substrate binding affinity). This indicates that there is
synergy with substrate binding, i.e., the binding of the
first substrate makes it easier for the second to bind
and is characterized by an R value (eq 1) of less than
unity.39 None of the mutants showed any significant
change in Kd for 3 which is consistent with the muta-
tions all being located at some distance from its binding
site. Conversely, all variants showed a decreased affinity
for 10, with increases in Kd ranging from 3-fold (E219A)
to 10-fold (D267A). Although, under the conditions
employed, there was no evidence for any change of
mechanism, all mutations led to a loss of synergism of
substrate binding; therefore, increases in the value of
Km were comparatively greater than the increases in
Kd.

Only the mutations in Asp267 had a significant effect
on kcat values. Replacement of Asp267 by alanine
resulted in a 20-fold decrease in kcat, while replacement
by the uncharged, but isosteric, asparagine resulted in
a 28-fold decrease. Both variants showed similar de-
creases in substrate binding affinity. Given that aspar-
agine can still act as a hydrogen bond acceptor these
results suggest that it is the negative charge of Asp267
that is contributing to catalysis. Inspection of the
hPNMT active site reveals that Asp267 forms an ion
pair with Arg44 (Figure 3) and together these two
residues form part of the “floor” of the phenylethanol-
amine/inhibitor binding site.26,27 It is not unreasonable

to suggest that disruption of the ion pair could adversely
affect the active site geometry resulting in greater than
expected reductions in both substrate and inhibitor
binding affinity and, potentially, catalysis. However,
preliminary indications are that, unlike Asp267, muta-
tion of Arg44 has very little effect on catalytic rate (data
not shown) so an alternative explanation was sought.

Since it is unlikely that the â-hydroxyl group of 10
will directly participate in the catalytic reaction, its
principal role may be to interact with the enzyme so as
to correctly position the flexible side-chain for nucleo-
philic attack on 3. In a model of 1 bound to hPNMT, it
was proposed that the â-OH group would interact with
both Glu219 and Asp267.26 If, as alluded to earlier, the
interaction with Asp267 played a major role in substrate
alignment, and therefore catalysis, it is certainly fea-
sible that removal of that interaction would lower the
value of kcat. To examine this further the steady-state
kinetics of 3-trifluoromethylphenylethanolamine (11)
and a rigid analogue lacking the side chain hydroxyl
group, anti-9-amino-6-(trifluoromethyl)benzonorbornene
(12),37 were determined with both WT and D267A. The
data shown in Table 4 indicate that both 11 and 12 bind
much more tightly to the WT enzyme than 10, and that
the D267A mutation considerably reduces the binding
affinity for both these substrates. However, and most
importantly, in marked contrast to the results for both
10 and 11 the kcat values for 12 with both WT and
D267A were quite similar. This shows that the lower
kcat values of the D267A variant observed with 10 and
11 are not due to an inherently reduced ability of this
mutant to catalyze methyl transfer. Clearly the interac-
tion of the â-OH group with the ionized side chain of
Asp267 is important for catalysis by hPNMT and,
apparently, is more important than its interaction with
Glu219. Further, in the postulated model of 1 binding
to hPNMT, it was proposed that the amine would
interact with Glu21926 and that Glu219 may act as a
catalytic base facilitating methyl group transfer from
3. The marginal decrease in value of kcat for the E219A
variant would seem to eliminate this possibility.

Contribution of Mutated Residues to Inhibitor
Binding. The data for inhibitors binding to hPNMT and
its variants are provided in Table 5. These data were
obtained using a recently revised radiochemical assay40

by varying the concentration of inhibitor and 10 at a
fixed concentration of 3 (5 µM). In general, the assays
were carried out at an enzyme concentration of 20 nM
except for D267A which has a greatly diminished value
of kcat and required a concentration of 750 nM to obtain
good kinetic data. In some cases, for the more potent
inhibitors such as 7 and 9, less enzyme (4 nM) was used,
and, when the Ki value of the inhibitor was similar to

Table 3. Kinetic Parameters for the HPNMT Catalyzed Methylation of Phenylethanolaminea

3 (µM) 10 (µM)

hPNMT variant R Kd Km Kd Km kcat (min-1)

WT 0.56 6.1 ( 0.4 3.4 ( 0.2 180 ( 8 100 ( 4 2.84 ( 0.10
V53A 1.35 7.1 ( 0.5 9.6 ( 0.7 1200 ( 120 1630 ( 170 3.40 ( 0.38
K57A 1.09 10.7 ( 2.2 11.7 ( 2.4 1200 ( 7 1310 ( 10 3.95 ( 0.67
E219A 0.95 7.5 ( 0.8 7.1 ( 0.8 610 ( 80 580 ( 76 1.31 ( 0.11
D267A 1.01 8.1 ( 0.7 8.3 ( 0.7 2010 ( 125 2050 ( 130 0.13 ( 0.02
D267N 0.95 7.5 ( 0.8 7.1 ( 0.8 1725 ( 70 1640 ( 70 0.10 ( 0.01

a Initial rate data, obtained as described in Experimental Procedures, were fit to eq 1. Each data point is an average of at least three
individual measurements, and values are reported as (SEM. The significance of Kd, Km, and R are discussed in the Experimental Section.

7246 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 23 Wu et al.



the enzyme concentration, the inhibitors were treated
as tight-binding.41,42 For all variants, each of the inhibi-
tors was found to be competitive with respect to 10, and
the Ki values for 7-9 with WT hPNMT are in broad
agreement with those obtained earlier using PNMT
from various mammalian adrenal tissues.16,19,20,40 The
Ki values previously reported for 7-iodo-THIQ (13)27 and
7-nitro-THIQ (14)24 are higher than those in Table 5
but were obtained using bovine PNMT and a different
protocol. The lower values of Ki observed when assayed

under the conditions described herein are consistent
with results for other similar compounds.40

All mutations resulted in decreased binding affinity
for each of the inhibitors. For the V53A variant, Ki
values increased approximately 5 to 10-fold, i.e., com-
parable to the increase in the value of Kd for 10 and
consistent with the structural evidence that the sub-
stituents on the aromatic ring of the inhibitors form
favorable interactions with this residue. The effect of
the K57A mutation was slightly greater than that of
V53A with 20-fold decreases in binding affinity for all
inhibitors except 8 whose Ki value increased almost 60-
fold. The H-bonding interaction between the sulfona-
mide oxygens and the ε-NH2 of Lys57 is expected to be
3-4 kcal/mol stronger than the van der Waals interac-
tions between the ε-NH2 and the halogen substituents
on the other inhibitors (Table 2). It is likely that the
greater increase in Ki value for 8 with K57A merely
reflects the loss of the more favorable interaction.
Presumably, replacement of either Val53 or Lys57 by
alanine will create a larger binding pocket that no
longer presents a complementary fit to the substrate/
inhibitors.

Replacement of Glu219 with alanine led to a loss of
synergy, but only a 6-fold increase in the value of Kd
for 10. By contrast the Ki values of the inhibitors
increased by 2-3 orders of magnitude with 8 showing
the largest increase, almost 1600-fold. Clearly Glu219
is much more important for the binding of inhibitors
than it is for the phenylethanolamine substrates.

Once again the D267A variant provided the most
puzzling results. Figure 3 shows that Asp267 has a
direct interaction with 9, rather than the water-medi-
ated interactions observed for 7, 8, and 13. The inter-
atomic distances (Table 2) also suggest that 9 will have
a stronger interaction with Asp267 than Glu219. Con-
sequently, it would not be unreasonable to predict that
replacement of Asp267 with alanine would have its
greatest effect on the Ki value for 9. In fact, as can be
seen from Table 5, the reverse is true with the Ki value
increasing only 135-fold which was 5-fold less for the
E219A variant. While this increase is considerably
greater than those observed for the V53A and K57A
mutants, the D267A mutation affects the Ki values of
7, 8, and 13 much more adversely with increases
ranging from 650-fold for 7 to more than 2650-fold for
8. Conversely, the increase in the Kd value of the
substrate, 10, with the D267A variant was not greatly
different from the increases in the Kd value of 10 with
V53A and K57A.

While it is hard to rationalize the results for E219A
and D267A with 9, possibly of more import was that,
with both these variants, the Ki values for all of the
inhibitors increased by at least 2 orders of magnitude.
This implies that the interaction between the amine of
the inhibitors and the two carboxylic acid residues is
stronger than their putative interaction with the â-hy-
droxyl group of the substrate. Presumably the latter
interaction would be via a hydrogen bond whereas the
THIQ interaction could potentially occur through ion-
pair formation. These data support the notion that, at
least for Glu219 where there is a direct interaction with
the THIQ nitrogen, an ion-pair may form between the
carboxylate and the amine. That said, previous results

Table 4. Kinetic Data for 11 and Its Phenylethanolamine
Analogue 12a

a Initial rate data, obtained as described in Experimental
Procedures, were fit to eq 1. Each data point is an average of at
least three individual measurements and values are reported as
(SEM.

Table 5. In Vitro Inhibition Constants for hPNMT Variantsa

7 Ki (nM) 8 Ki (µM) 9 Ki (nM) 13 Ki (µM)

WT-his 1.55 ( 0.21b,c 0.12 ( 0.02 4.4 ( 1.1b,c 0.04 ( 0.01c

V53A 19.0 ( 2.0 0.62 ( 0.07 22.5 ( 2.1c 0.13 ( 0.02
K57A 26.5 ( 3.5c 6.9 ( 0.1 90.6 ( 4.7 0.74 ( 0.27
E219A 1375 ( 61 189 ( 20 3120 ( 270 17.9 ( 2.1
D267Ad 999 ( 22c 321 ( 13 590 ( 22c 67.0 ( 6.1

a All inhibition data were obtained at fixed concentration of 3
(5 µM) as described in Experimental Procedures. Unless stated
otherwise, a hPNMT concentration of 20 nM was used, the data
fitted to eq 2 and reported as (SEM. b Obtained at an enzyme
concentration of 4 nM. c Treated as a tight-binding inhibitor as
described in the Experimental Section. d Obtained using an en-
zyme concentration of 750 nM.
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have indicated that THIQs and benzylamines bind to
PNMT in their neutral form14,43 making ion-pair forma-
tion seem unlikely. Unfortunately, to date, there are no
published structures of PNMT with a bound substrate
that could help clarify the situation.

Preferential Binding of Inhibitor to the hPNMT‚
3 Complex. One of the more intriguing aspects of
catalysis by PNMT is the role of conformational changes
in substrate/inhibitor binding. The X-ray structures
clearly show that the binding sites for both substrates
are enclosed by a tight cover, and it would seem that a
conformational change will be required for access to the
active site.26 In this respect PNMT is similar to some
other small molecule methyltransferases such as glycine
N-methyltransferase44,45 and guanidinoacetate N-me-
thyltransferase.30 Earlier studies, as well as this work,
have shown that THIQ16 and THBA19 inhibitors, as well
as the benzylamines14 and amphetamines,13 bind com-
petitively with respect to phenylethanolamine sub-
strates. Historically the analysis of PNMT inhibition has
been carried out at a fixed concentration of 3. While
obviously this provides information on the overall bind-
ing of the inhibitor to the enzyme, it does not specify
whether the inhibitor binds to the free enzyme or to the
PNMT‚3 complex (Figure 4). Synergism in substrate
binding, as reflected in an R value of less than unity,39

is often indicative of a conformational change occurring
after the binding of either substrate.46,47 Given that
hPNMT shows some synergism in substrate binding it
is conceivable that a similar effect could occur for
inhibitor binding. This can be examined by measuring
the rate of reaction in the presence of varying amounts
of inhibitor as the concentration of 3 and 10 are both
varied.39 Initially 8 was chosen for examination as it
binds well to hPNMT but not so well as to require
treatment as a tight-binding inhibitor (Table 5). Initial
rate data were collected, fitted to eq 5 and the results
shown in Table 6. The values (not shown) of Km, Kd, and
R for 3 and 10 determined in this experiment are in
accord with those obtained for WT hPNMT shown in
Table 3, underlining the internal consistency of the
results. Like the R value for substrate binding, the value
of â (eq 5) represents the factor by which the inhibitor
dissociation constant is changed by the binding of, in
this case, 3. For 8, the observed â value of 0.02 indicates
that the inhibitor prefers to bind to the enzyme‚3
complex, rather than the free enzyme, by a factor of 50!
This strongly supports the notion that the binding of 3

brings about a conformational change in hPNMT.
Furthermore, it appears that the conformational change
is much more favorable to the binding of 8 than to the
binding of the substrate, 10. However, there should be
one note of caution. While these data appear to be
relatively clear-cut, it must be recogized that kinetic
parameters do not always correlate with thermodynamic
parameters, and it will be of interest to duplicate these
results using a more direct measurement of substrate/
inhibitor binding, such as isothermal titration calorim-
etry.

That said, these results are not without precedent as
the binding affinity of oxamate, a competitive inhibitor
of lactate dehydrogenase, increases 20-fold in the pres-
ence of NADH.48 Further, the binding of the inhibitor,
glyphosate, to 5-enolpyruvylshikimate-3-phosphate syn-
thase has been associated with both a strong synergy
of shikimate-3-phosphate, i.e., substrate, binding as well
as stabilization of a “closed” form of the enzyme.49

Notwithstanding those observations, it was intriguing
that the 50-fold synergy in inhibitor binding was much
greater than the 2-fold synergy in substrate binding.

To explore the structural basis of the 3-enhanced
affinity, three other inhibitors were examined using the
same methodology. In the standard inhibition assay, 5
bound to hPNMT with an affinity akin to that of 8,
whereas 14 bound marginally more tightly and 6 bound
more weakly (Table 6). The â values for the two THIQ
inhibitors were similar suggesting the conformational
changes in hPNMT upon binding of 3 resulted in greater
affinity for the THIQ nucleus, rather than the individual
substituents. Although the â value of the benzylamine-
type inhibitor, 5, was about double those of the THIQ
derivatives, it still bound almost 20-fold tighter to the
hPNMT‚3 complex than to the free enzyme. On the
other hand, the â value for 6, 0.15, was much closer to
the R value for 10 (0.56) perhaps indicating that the
3-induced conformational changes had similar effects
on the binding of phenylethylamines and phenyl-
ethanolamines.

One possible explanation is that, while the binding
sites of the substrate, 10, and the THIQ and THBA
inhibitors are overlapping, they are not identical. The
THIQ inhibitors were originally designed as conforma-
tionally restrained analogues of â-phenylethylamines.16

It was subsequently shown that a fully extended side-
chain was necessary for inhibition by phenylethyl-
amines,50 confirming the more generally held view that
THIQ and THBA are, in fact, constrained analogues of
benzylamine.51 In addition, results with conformation-

Figure 4. Equilibria describing a bireactant system for
hPNMT wherein an inhibitor (I) competes with 10 (PEA, A)
but allows 3 (AdoMet, B) to bind. The ternary complex (PNMT‚
Inhibitor‚3) is inactive. The terms R and â are discussed in
the text.

Table 6. Inhibition Constants for Binding to Free hPNMT and
to the hPNMT‚3 Complexa

compound Ki (µM) â âKi (nM) Ki* (nM)b

5 1.33 ( 0.16 0.055 ( 0.007 72 121( 7
6 14.8 ( 2.1 0.154 ( 0.013 2270 3640 ( 240
8 2.84 ( 0.19 0.020 ( 0.001 57 120 ( 20
14 2.36 ( 0.54 0.024 ( 0.001 56 78 ( 14

a Initial rate data were obtained as the concentrations of 3, 10,
and inhibitor were each varied. These data were then fitted to eq
5 as described in experimental procedures. Values are reported
as ( SEM. The Ki value characterizes the binding of the inhibitor
to free hPNMT while the value of âKi characterizes the binding of
the inhibitor to the hPNMT‚3 complex. b Ki* values were obtained
by varying the concentrations of 10 and inhibitor at fixed
concentration of 3 (5 µM) and fitting initial rate data to eq 2.
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ally restricted analogues of 10 have suggested a fully
extended side chain is essential for catalytic activity.36

More recently, transferred nuclear Overhauser effect
(TRNOE) experiments were used to show that, in the
absence of 3, 6 binds to bovine PNMT in an extended
conformation.52 It is not unreasonable to assume that
this conformation mimics the conformation of PNMT
substrates binding to the enzyme and, if so, it may be
expected that 6 would exhibit a â value more like the R
value of a substrate than the â value of a THIQ-based
inhibitor. Conversely, 5 is likely to have a â value more
similar to those of 8 and 14.

The experimental results appear to bear out those
predictions, with 5 binding to hPNMT 20-fold more
tightly in the presence of 3. The THIQ analogue of
R-methylbenzylamine, 1-methyl-THIQ, was about 3-fold
less potent than THIQ,53 suggesting that there are at
least some unfavorable steric interactions in the binding
of 5. Therefore, the marginal difference between the â
values of 5 and THIQ inhibitors could be assigned to a
combination of side chain flexibility in the former as well
as steric effects due to its R-methyl group. The â value
for 6, on the other hand, was significantly larger than
those of the THIQ inhibitors but still 3-fold less than
the R value for 10. It is not entirely clear why, if the
side-chain adopts an extended conformation, that the
binding of 6 is more enhanced than that of 10 when 3
binds to hPNMT. It is conceivable that there is a
population of conformers of 6 in which the side-chain is
in the gauche (folded) conformation. If the binding of
that small population to the hPNMT‚3 complex was
tighter than that of the population in the extended
conformation, a lower than expected â value would be
observed.

At this point the reason for the benzylamine-type
(including THIQ and THBA) inhibitors binding so much
more tightly to the hPNMT‚3 complex than to the free
enzyme is not clear. The X-ray structures show that the
aliphatic nitrogen has interactions with both Glu219
and Asp267, and we have shown in this study that
replacement of either of these residues with alanine
results in relatively small changes in the values of Km
but large increases in Ki values. Given that both
mutations lead to a loss of synergy in substrate binding,
it is possible that there may be a similar loss of synergy
for inhibitor binding. That alone would lead to a 50-
fold increase in the value of Ki.

It should be noted that these experiments demon-
strate that care must be taken with choosing the
appropriate concentrations of 3 for routine inhibition
studies where only the concentration of 10 is varied. We
have previously described some problems with early
measurements of Ki values for, in particular, tight-
binding PNMT inhibitors.40 In an effort to balance the
sensitivity of the assay with the need for low enzyme
concentration we suggested that a 3 concentration of 5
µM may be appropriate. Clearly the results here dem-
onstrate that the Ki values of the benzylamine-type
inhibitors will depend strongly on the concentration of
3 and that, ideally, the concentration of 3 in routine
assays should be at a saturating level. However, given
the constraints of the assay, a concentration of 3 of 20
µM, i.e., about 6 times Km, is probably a reasonable
compromise.

In summary, the X-ray structures of the hPNMT‚3‚7
and hPNMT‚3‚8 complexes demonstrate that, despite
QSAR/CoMFA predictions, the lipophilic THIQ inhibi-
tor, 7, binds in a similar conformation to its hydrophilic
counterpart, 8. Unlike 10, a substrate whose binding is
enhanced 2-fold, inhibitors bind up to 50-fold more
tightly to the hPNMT‚3 complex, suggesting that 3
brings about a conformational change favoring inhibitor
binding. The residues, Glu219 and Asp267 clearly play
a more important role in the binding of benzylamine-
type inhibitors than they do in the binding of phenyle-
thanolamine substrates. Taken together, it is conceiv-
able that the binding of 3, with its accompanying
conformational change, results in Glu219 and Asp267
being better positioned to interact with inhibitors. In
addition, Asp267 has been shown to be important for
the correct alignment of substrates for catalysis, pre-
sumably through its interaction with the side-chain
hydroxyl of the phenylethanolamines. The structures of
the hPNMT‚3 complex and hPNMT bound to a sub-
strate, when available, will go a long way toward
confirming these hypotheses.

Experimental Procedures

Materials. Restriction enzymes and dNTPs were from
Promega or New England Biolabs. Pfu DNA polymerase was
from Stratagene. The wild-type hPNMT expression plasmid,
pET17PNMT-his, was available from an earlier study.32 Prim-
ers for mutagenesis were obtained through the University of
Michigan DNA Synthesis Core Facility or were purchased from
Integrated DNA Technologies. Isopropyl â-D-thiogalactopyra-
noside (IPTG) was from Gold Biotechnology while compounds
3, 5, and 10 were obtained through Sigma. [3H]-3 (15 Ci/mmol)
was from Moravek Biochemicals or Amersham Biosciences.
Compounds 7 and 8 were kindly provided by Smith Kline and
French Laboratories, GlaxoSmithKline, Philadelphia, PA.
Compounds 6,52 9,54 11,36 12,37 13,24 and 1455 were available
from previous studies as their hydrochloride salts. All other
buffers and reagents were the highest grade commercially
available.

Preparation of hPNMT Variants. The mutants were
prepared using Pfu DNA polymerase and the QuikChange site-
directed mutagenesis kit (Stratagene), using pET17PNMT-
his32 as the DNA template. The forward primers used for the
mutagenesis are shown below with the mutated codons
underlined, with the lowercase letters indicating a base change
from wild-type:

V53A: 5′-GAACGGCGcCGGGCCGTGGAAGCTGCGC-3′
K57A: 5′-GTCGGGCCaTGGgcGCTGCGCTGCTTGGCGCAG
E219A: 5′-CGGGGCCCTcGAGGcGTCGTGGTACC-3′
D267A: 5′-CTTCAGACAGGCGTAGcTGAcGTCAAGGGCG-

TC-3′
D267N: 5′-CTTCAGACAGGCGTAaATGAcGTCAAGGG-

CGTC-3′
In addition to creating the K57A and E219A mutations,

these primers introduced a silent mutation which resulted in
gains of NcoI and AvaI restriction sites, respectively. Silent
mutations led to additional AatII restriction sites for the
D267A and D267N mutations, while for V53A the mutations
resulted in gains of a NarI restriction site. Following mu-
tagenesis the template DNA was removed by treatment with
DpnI, and the remaining PCR products were transformed into
Escherichia coli strain JM109 (Promega). Single colonies were
picked, and in each case their DNA was isolated and screened
for the desired mutation using the appropriate restriction
enzyme. The fidelity of the PCR amplification and the presence
of the mutation were confirmed by sequencing. For expression
the plasmids were transformed into E. coli strain BL21(DE3)-
pLysS (Novagen).
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Expression and Purification of hPNMT Variants. The
transformed cells were grown in LB medium at 37 °C until
OD600 reached ∼0.6-0.8. The cells were cooled to 28 °C, and
protein expression was induced by the addition of 0.5 mM
IPTG. The cells were grown for an additional 4 h at 30 °C prior
to harvesting by centrifugation at 7000 rpm for 8 min at 4 °C,
then resuspended in a buffer comprising 50 mM sodium
phosphate and 300 mM NaCl, pH 8.0 (Buffer A), containing
10 mM imidazole. After sonication and centrifugation, the
cleared lysate was loaded onto His-Select HC Nickel Affinity
column (Sigma) which had been equilibrated with Buffer A
containing 10 mM imidazole. The enzyme was eluted with
Buffer A containing 250 mM imidazole. The fractions contain-
ing hPNMT-his were pooled and concentrated, then loaded
onto a Sephacryl S-200 high-resolution column (Pharmacia).
The column was eluted with PNMT storage buffer consisting
of 20 mM Tris (pH 7.2)/15% glycerol/1mM EDTA/0.5 mM DTT,
and the fractions containing hPNMT-his were pooled, concen-
trated, and stored at 4 °C. Identical procedures were adopted
for the expression and purification of the hPNMT variants.
Protein concentrations were determined using the Bradford
assay56 with bovine serum albumin serving as the standard.

X-ray Crystallography. Purified hPNMT was concen-
trated to 50-60 mg/mL in a buffer containing 20 mM Tris-
HCl pH 7.2 and 1 mM EDTA. The inhibitor, 7 (40 mM), and
4 (2 mM) were added such that the final concentration of
protein was 30-40 mg/mL. The enzyme was cocrystallized
with these compounds by hanging drop vapor diffusion on 3M
tape with 1 µL protein/ligand mixture plus 1 µL precipitant
over 100 µL precipitant (0.6-0.8 M NH4PO4, 0.1 M Na citrate
pH 5.3-5.8). Crystals of appropriate size (>0.25 × 0.25 × 0.25
mm) were cryoprotected with 25% glycerol and flash frozen
in a gaseous stream at 100 K for data measurement. X-ray
diffraction data were measured using a Rigaku FR-E copper
rotating anode generator operating at 45 kV, 45 mA with
Osmic Confocal Max-Flux optics (either HiRes2 or maxscreen).
A Cryo Industries CryoCool LN2 with NeverIce ND1259 was
used for cryocrystallographic data measurement, and reflec-
tions were measured with an R-AXIS IV++ imaging plate area
detector. Crystallographic data were processed using Crystal
Clear (Rigaku Corporation, (c) 1997-2002), and phasing was
carried out using CNS v1.1.57 The structures were solved by
difference Fourier methods using the structure of PNMT‚4‚8
(PDB 1HNN26) as the model. Model building was performed
using O,58 and the structures were refined using CNS v1.1.57

Initial coordinates for 7 were generated using the Insight II
2000 (Accelrys) builder module. Topology and parameter files
were then generated using PRODRG59 or XPLO2D60 and
modified where necessary. The procedure used was to model
and refine the structure of the protein first, followed by
addition of bound water molecules, 4, and finally the inhibitor.
R-free analysis (10% of reflections) was used for cross-
validation.61 Coordinates and structure factors have been
deposited with the protein data bank with accession code 1YZ3.

Steady-State Enzyme Kinetics. A standard assay mix-
ture contained potassium phosphate (50 mM, pH 8.0), 10 (200
µM), and 3 including [3H]-3 (5 µM), in a total volume of 250
µL. For determination of kinetic constants, the concentrations
of both 3 and 10 were varied between 0.3 and 3×Km. Following
the addition of enzyme, the reactions were incubated at 30 °C
for 30 min and then quenched by the addition of 0.5 M boric
acid (500 µL, pH 10.0). Two milliliters of a mixture of toluene/
isoamyl alcohol (7:3) was added, and the samples were
vortexed for 30 s. The phases were separated by centrifugation,
and an aliquot of the organic phase (1 mL) was removed and
added to 5 mL of scintillation fluid (Cytoscint, ICN). The
radioactivity was quantitated by liquid scintillation spectrom-
etry. For all variants the concentration of enzyme used in the
assays was chosen so that the reaction rate varied linearly
with enzyme concentration, and that amount of product formed
was linear with time.

On the basis of Lineweaver-Burk plots and fits to kinetic
equations, it has been shown that hPNMT operates by a
sequential mechanism.38 Accordingly, initial velocity data were

fitted to eq 139 using SigmaPlot 8.0 with the Enzyme Kinetics
module from Systat Software Inc. (Richmond, CA),

where [A] and [B] are the substrate concentrations of 10 and
3, respectively, KA and KB are the dissociation constants (Kd)
for the hPNMT‚10 and hPNMT‚3 complexes, respectively, RKA

and RKB are the dissociation constants (Km) of 10 and 3,
respectively, from the hPNMT‚10‚3 ternary complex. Thus, the
term R quantifies how the binding of one substrate affects the
binding of the other.

Determination of Inhibition Constants (Ki Values). For
routine inhibition assays the concentration of 3 was main-
tained at 5 µM. The concentration of 10 was then varied
between 0.4 and 2.5×Km while the inhibitor concentrations
varied between 0.4 and 2.5×Ki. Initial velocity data were then
fitted to eq 2.39

In some cases the value of Ki was similar to the enzyme
concentration used in the assay. In those cases the inhibitors
were considered to be tight-binding,41,42 and the kinetic data
were fit to eqs 342 and 441 using the competitive tight-binding
inhibition routine in the Enzyme Kinetics module.

Here, v0 and v are the reaction rates in the absence and
presence of inhibitor, respectively, [E] is the total enzyme
concentration, [I] is the inhibitor concentration, and Ki

app is
the enzyme-inhibitor dissociation constant at a fixed concen-
tration of substrate.

Determination of Inhibitor Binding to the Free En-
zyme and to the Enzyme‚3 Complex. In this instance initial
velocities were measured as both 3 and 10 were varied between
0.4 and 2.5×Km while the inhibitor concentrations were varied
between 0.4 and 2.5×Ki. The data were then fit to eq 539 using
SigmaPlot 8.0.

Here [A], [B], and [I] are the concentrations of 10, 3, and
the inhibitor, respectively. As shown in Figure 4, KA, KB, and
Ki are the dissociation constants for 10, 3, and the inhibitor,
respectively, from the free enzyme. Again R is a measure of
how the binding of one substrate affects the binding of the
other, while â represents the factor by which the inhibitor
dissociation constant is changed by the binding of 3.
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