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Summary
Hybrid density functional theory methods were used to investigate the reaction mechanism of human
phenylethanolamine N-methyltransferase (hPNMT). This enzyme catalyzes the S-adenosyl-L-
methionine-dependent conversion of norepinephrine to epinephrine, which constitutes the terminal
step in the catecholamine biosynthesis. Several models of the active site were constructed based on
the X-ray structure. Geometries of the stationary points along the reaction path were optimized and
the reaction barrier and energy were calculated and compared to the experimental values. The
calculations demonstrate that the reaction takes place via an SN2 mechanism with methyl transfer
being rate-limiting, a suggestion supported by mutagenesis studies. Optimal agreement with
experimental data is reached using a model in which both active site glutamates are protonated.
Overall, the mechanism of hPNMT is more similar to those of catechol O-methyltransferase and
glycine N-methyltransferase than to that of guanidinoacetate N-methyltransferase in which methyl
transfer is coupled to proton transfer.

1. Introduction
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, Scheme 1) [1,2].

PNMT is found in high levels in the adrenal medulla [2] where epinephrine is secreted as a
hormone, particularly during periods of stress. In addition, epinephrine (Epi) makes up 5–10%
of the total catecholamine content of the brain, but its function within the central nervous system
(CNS) is not well understood [3]. In the past CNS epinephrine has been implicated in a wide
range of activities including central control of blood pressure and respiration [4,5], the secretion
of hormones from the pituitary [6], the control of exercise tolerance [7] and the activation of
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the α1-adrenoceptor [8]. It may even be responsible for some of the neurodegeneration found
in Alzheimer’s disease [9]. As a consequence there has been a lot of effort expended in
obtaining inhibitors of human PNMT (hPNMT) that would help delineate of the role of central
Epi, and that may ultimately be of pharmaceutical benefit [10–12]

Recently, a number of X-ray structures have been obtained which show hPNMT in complex
with a variety of substrates and inhibitors [13–15]. In each case the complex also contained
either AdoMet or the product, S-adenosyl-L-homocysteine (AdoHcy). Comparison of the
structures indicated that in each case the positions of the ligands were virtually identical,
allowing us to construct a composite structure of the hPNMT active site. This structure, which
includes the two substrates, p-octopamine (representing Epi) and AdoMet, as well as several
residues believed to be catalytically important, is shown in Figure 1.

The aromatic ring of the PNMT substrates is sandwiched between Phe182 (not shown) and
Asn39 [13]. The phenolic hydroxyl of octopamine helps orient the substrate by interacting with
Lys57 via a water molecule. The β-hydroxyl is within hydrogen bonding distance of Glu219
and also has strong water-mediated interactions with Asn39 and Asp267 [13,14]. Mutagenesis
studies have shown that the latter interaction is particularly important in positioning the
ethanolamine sidechain for catalysis [15]. The sidechain itself is in an extended conformation
so that the C—N distance in an AdoMet-octopamine model structure (Figure 1) is ca. 3.7 Å
[15], well within that expected for methyl transfer (3.0–4.0 Å) [16]. Overall, the sidechain is
positioned for nucleophilic attack by the substrate on the activated methyl group of AdoMet.

Small molecule methyltransferases are thought to catalyze direct transfer of the methyl group
from AdoMet to the substrate via an SN2 mechanism [17]. In order for nucleophilic attack to
take place, the amine of the sidechain must be deprotonated. This may occur in two ways. In
the first, exemplified by glycine N-methyltransferase (GNMT), it appears that the substrate
binds in a neutral form [18] and that methyl group transfer is rate-limiting [19]. In the second,
exemplified by guanidinoacetate N-methyltransferase (GAMT), the substrate binds and is
subsequently deprotonated by direct interaction with an active site aspartic acid residue [20].
Later, it was shown that methyl transfer was coupled to proton transfer [21]. In PNMT the
situation is not so clear cut. In general, hPNMT assays are carried out at pH 8.0 and the amine
pKa of substrates such as noradrenaline, phenylethanolamine and p-octopamine is ~8.5 (MJ
McLeish, unpublished). Under those assay conditions, the majority of the substrate would be
expected to be protonated. Based on the active site shown in Figure 1 it is reasonable to assume
that a protonated amine could be deprotonated by either Glu185 or Glu219. Of course, at pH
8.0 a significant proportion of the substrate will not be protonated and, in the absence of any
pH-rate data, the possibility that the substrate binds in neutral form cannot be ruled out. It
should be also noted that, as detailed in Table 1, mutagenesis studies have provided kcat values
for Glu185 and Glu219 variants that are not consistent with deprotonation by either residue
being the rate determining step in the hPNMT-catalyzed reaction [15].

In recent years a density functional theory method, B3LYP [22–26], has proved very successful
in studying enzyme active sites and reaction mechanisms, including those of the small molecule
methyltransferases GNMT [27] and GAMT [21]. The utility of the method has been described
in a series of recent reviews [28–31] and it seemed an appropriate tool to extend our
investigation of the reaction mechanism of hPNMT [15,32]. Here we describe the design of
models of the active site based on the hPNMT X-ray structure. Reaction barriers and energies
were calculated and compared to that derived from experimental data. In addition, site-directed
mutagenesis was used to examine the relative importance of Glu185 and Glu219 in catalysis.
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2. Materials and methods
2.1. Calculations

All calculations presented here were performed using the B3LYP [22–26] density functional
method as implemented in Gaussian03 program package [33]. Geometry optimizations were
performed using the 6–31G(d,p) basis set. Based on these optimized geometries, single point
calculations with the larger basis set 6–311+G(2d,2p) were done to obtain more accurate
energies. To estimate solvation effects of that part of the enzyme that is not included in the
quantum cluster, single point calculations on the optimized geometries were performed with
the conductor–like polarizable continuum model (CPCM) [34,35] at the B3LYP/6–31G(d,p)
level with two dielectric constants, ε=4 and ε=80. Hessians were calculated at the B3LYP/6–
31G(d,p) level to confirm the nature of the optimized stationary points. The Hessians were also
used to calculate zero-point vibrational effects. Since some centers were kept fixed to their X-
ray positions in the geometry optimization (see below), a few small imaginary frequencies
usually appear, typically on order of 10i–20i cm−1. These frequencies do not contribute
significantly to the zero-point energies and can thus be ignored.

2.2 Preparation and characterization of hPNMT E185A/E219A
The E185A primer was available from a previous study [15]. The double mutant was prepared
using Pfu DNA polymerase and the QuikChange site-directed mutagenesis kit (Stratagene),
using pET17PNMT-his E219A [32] as the DNA template. The fidelity of the PCR
amplification and the presence of both mutations were confirmed by sequencing. The plasmid
was then transformed into E. coli strain BL21(DE3)pLysS (Novagen) and the enzyme was
expressed and purified by affinity followed by size exclusion chromatography. The purified
enzyme was assayed under standard assay conditions and the data fit to the equation for a
sequential mechanism as described previously [36].

3. Results and discussion
Three models of the PNMT active site were constructed in order to develop deeper
understanding of the reaction taking place. The models are of increasing size and are based on
the X-ray crystal structure of PNMT in complex with AdoHcy and p-octopamine (PDB code
2AN4) [13]. Hydrogen atoms were added manually and AdoHcy was converted to AdoMet by
adding a methyl group at the S position. AdoMet was modeled by truncating the cofactor two
carbons away on each side of the sulfur center. Based on our previous experience, this model
of AdoMet is sufficient to reproduce the properties of the S—C bond, and it has enough
flexibility to accommodate structural changes during the reaction [21,27]. In the largest model
(Model C, see below) an additional carbon was kept. The truncation points of both AdoMet
and the various active site residues were kept fixed during geometry optimization in order to
prevent large spatial reorganization of the active site residues and to keep the model
geometrically close to the X-ray crystal structure. These fixed centers are indicated by arrows
in Figure 2–Figure 5. To recover the solvation of regions of the protein that are not included
in the models, a dielectric continuum model was adopted. In this scheme, a cavity is created
around the solute and it is surrounded by polarizable dielectric continuum. Two dielectric
constants were used, ε=4 and ε= 80. The former is a standard value used in protein modeling,
and the latter corresponds to water solution.

3.1 Model A
The smallest conceivable model of the PNMT active site is composed only of truncated models
of the AdoMet cofactor and the substrate as shown in Figure 2. The substrate is modeled in the
neutral form and the phenyl group is replaced by a hydrogen atom. No other active site residues
are included. This model, called Model A, therefore comprises 30 atoms and has a total charge
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of +1. The optimized structures of the reactant, transition state (TS), and product state of this
model are shown in Figure 2.

Similarly to GNMT [27], in this model the methyl transfer was found to occur through an
SN2 mechanism. At the TS, the critical S−C and C−N distances are 2.36 Å and 2.19 Å,
respectively, which are quite similar to the distances found for GNMT (2.38 Å and 2.20 Å)
[27]. The TS has an imaginary frequency of −406i cm−1. The barrier for the transfer was
calculated to be 16.7 kcal/mol, which upon inclusion of solvation effects remains relatively
unchanged at 16.6 kcal/mol (ε=4) and 16.4 kcal/mol (ε=80) (Table 2). The barriers for this
very small model agree surprisingly well with the experimentally-measured rate constant of
2.8 min−1 (Table 1), which can be converted to a barrier of ca. 19 kcal/mol using classical
transition state theory. In addition, the reaction is calculated to be exothermic by 5.7 kcal/mol
(13.2 and 15.8 kcal/mol including solvation with ε=4 and ε=80, respectively).

The fact that this small model yields good results compared to experiments indicates that a
major part of the elements necessary to describe the reaction are already captured in the model.
However, it must be admitted that the good agreement may well be the result a significant
degree of error cancellation.

3.2. Model B
A somewhat larger model of the PNMT active site, called Model B, was devised, which
consisted of 48 atoms. In addition to the parts used in Model A, this model also includes Glu185
and Glu219 (represented by acetates) and a water molecule (W1), which initially was bridging
the substrate and the Glu185 residue (Figure 1). Both glutamate residues were initially modeled
in the deprotonated form, and the substrate was modeled as a cation, i.e. in its protonated state.
The total charge of the model is thus 0. In the optimization, a proton moved immediately from
the amino group of the substrate to Glu185, through the bridging water molecule, which
subsequently moved out to bridge the two glutamate groups instead (see Figure 3). Effectively,
in this model the substrate is in the neutral form and one of the glutamates, likely Glu185, is
protonated. We note that, in the model, the OH group of the Glu185 carboxylate is not in the
(slightly) preferred syn-periplanar orientation relative the C=O bond. However, as we are only
concerned with relative energies in this study, and the position of the proton is the same in all
stationary points of the model (Figure 3), this energy difference cancels and the orientation of
the OH group becomes unimportant.

Using this reactant structure, a TS for the methyl transfer was located (structure B in Figure
3). The TS is characterized by an imaginary frequency of −359i cm−1, and the S−C and C−N
distances are calculated to be 2.22 Å and 2.40 Å, respectively. This shows that the TS in this
model occurs earlier than in Model A (cf. Figure 2), which is also evident from the activation
barrier. Model B has a calculated barrier of 6.0 kcal/mol without solvation effects, which
increases to 11.8 and 13.7 kcal/mol, using ε=4 and ε=80, respectively. These values are
significantly lower than those found for Model A. It is easy to rationalize this result if one
recognizes that in the reaction a methyl cation is transferred to the substrate. In the case of
Model B an anionic glutamate is present that can stabilize the product better than the substrate,
lowering thus the barrier for the reaction. This fact is even more evident from the calculated
exothermicity of the reaction. The product complex (structure C in Figure 3) has an energy
that lies at −48.3 kcal/mol compared to the reactant (−28.5 and −21.8 kcal/mol when ε=4 and
ε=80 are used, respectively).

Assuming Glu219 remains in the deprotonated form, it is now possible for it to pick up a proton
from the methylated product molecule. We have optimized the structure in which a proton from
the product nitrogen has transferred to Glu219 (structure D in Figure 3). This structure has a

Georgieva et al. Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



very similar energy compared to the other product structure; −47.9, −27.7 and −20.9 kcal/mol,
without solvation, and with ε=4 and ε=80, respectively.

3.3. Model C
The fact that the smaller Model A agrees better than Model B with the experimental rate
indicates that either something is missing in Model B or that the model is unbalanced. We have
therefore created a much larger model (Model C), consisting of 93 atoms, which is shown in
Figure 4. In addition to the parts included in Model B, this model contains parts of the amino
acids Asp267, Arg44, and Asn39. A second water molecule (W2, Figure 1) observed in the
crystal structure is also included. In addition, to grant even more flexibility to the model, a
complete (i.e., not truncated) substrate was used and one more carbon was kept in the AdoMet.
Given that the vast majority of kinetic and mutagenesis studies with hPNMT are carried out
with phenylethanolamine [15,32,36,37], for comparative purposes it seemed logical to use this
as the substrate in the larger model. Using phenylethanolamine has an additional advantage in
that it oviates the need to include W3 and Lys57 in the model. The total charge of model C is
0 and, as in the case of Model B, the substrate was initially modeled in the protonated form
and the two glutamates (Glu185 and Glu219) were anionic. Also here, during the geometry
optimization of the reactant a proton was transferred spontaneously from the amino group of
the substrate to the Glu185 residue through a water bridge (Figure 4).

The TS for the methyl transfer in Model C was optimized and is also displayed in Figure 4.
This TS is characterized by an imaginary frequency of −351i cm−1, and S−C and C−N distances
of 11 2.11 Å and 2.35 Å, respectively. We find that the TS now is even earlier than in Model
B. The calculated reaction barrier is 4.8 kcal/mol, which increases to 8.8 and 9.9 kcal/mol when
solvation effects using ε=4 and ε=80, respectively, are accounted for (Table 1). We find that
simultaneously with the methyl transfer, a proton is transferred from the substrate to Glu219.
The reaction is exothermic by 47.9 kcal/mol, which, as in the case of Model B, is considerably
decreased to −29.5 and −28.3 kcal/mol, when ε=4 and ε=80 are used, respectively. Based on
these results it would appear that the presence of the two carboxylates close to the substrate
makes the barrier for the methyl transfer much lower than, and consequently inconsistent with,
the barrier estimated from the experimental rate constant (ca. 19 kcal/mol).

Since inclusion of the negatively-charged Glu185 and Glu219 consistently lowers the energy
barrier in both Models B and C, we explored the possibility of having one of them protonated.
In the first instance, a proton was added to Glu219. The model, called Model C(H+), now has
a total charge of +1. The optimized geometries of the reactant, TS, and product species are
shown in Figure 5. Again, although the substrate was modeled in its protonated state, a proton
spontaneously moved to Glu185 during the geometry optimization. The reaction barrier was
calculated to be 13.6 kcal/mol (15.8 and 16.4 kcal/mol including ε=4 and ε=80, respectively).
These values are now in much better agreement with the experimental rate compared to the
Models B and C, in which only one of the glutamates is protonated.

Overall these results strongly suggest that either the two active site glutamates are both in the
protonated form prior to the binding of a neutral substrate, or that one of them is protonated
and the other receives a proton from a cationic substrate. Given that typical phenylethanolamine
pKa values are around 8.5, it is unlikely that, under the standard assay conditions of pH 8.0,
the substrate binds in neutral form. Therefore the latter explanation would be the more likely.
This would require that at least one of the glutamates has a pKa value above pH 8–8.5.

Recently a method was developed which permitted the rapid prediction of pKa values for
ionizable residues in proteins [38]. The method, PROPKA, has now been extended to include
the effects of ligands on these protein pKa values [39]. PROPKA uses the data contained in
PDB files which has enabled us to predict the pKa of both Glu185 and Glu219 in structures
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with either amine substrates or THIQ-based inhibitors bound in the active site. The overall
results show that Glu185 is expected to have a pKa around 6 whereas Glu219 will have a
pKa around 9. This is consistent with our results with Model C(H+) which requires that one of
the glutamates is protonated and the other receives a proton from a cationic substrate.

3.4. Mutagenesis of Glu185 and Glu219
Previous studies [15,32] have reported that the kcat values for the alanine variants of Glu185
and Glu219 show only a 16-fold and a 2-fold decrease over the wild type kcat value, respectively
(Table 1). Further, the E219Q variant shows wild-type activity and, overall, these results are
inconsistent with deprotonation of the substrate being rate limiting. Only the E185Q variant
shows a significant (300-fold) decrease in kcat value and even that has been attributed to
alterations in the geometry of the active site (N. Drinkwater and J. L. Martin, personal
communication).

The computational model suggests that it is necessary for one of the glutamates to be protonated
(i.e., in neutral form) and that the other able to accept a proton from the substrate. That said,
it is not clear from the model which residue needs to be deprotonated, and the mutagenesis
data suggests that either residue may be acceptable. Therefore, to take this issue a little further,
a hPNMT variant was prepared in which both glutamates had been replaced with alanine. The
expression and purification of the E185A/E219A variant was accomplished using routine
procedures. The enzyme was stable and exhibited normal kinetic behavior. The Km values for
both substrates were similar to the wild-type value, while the kcat value decreased only 10-fold
(Table 1). Taken together the results suggest that neither residue contributes to a rate-limiting
step in the mechanism.

3.5 Comparison with other small molecule methyltransferases
Catechol O-methyltransferase (COMT), GNMT and GAMT are three of the best characterized
small molecule methyltransferases. The mechanism of COMT, in particular, has undergone
considerable study including the early identification of an SN2 mechanism [19,40] and the use
of kinetic isotope effects to show that methyl transfer is rate limiting [19]. Recent computational
studies confirm that observation [41] and suggest that the prime role of the enzyme in catalysis
is to arrange the substrates in the ground state so that their conformation resembles that of the
transition state [42,43]. Given its pKa the catechol would be expected to bind in a neutral form.
Consequently, a second role for the enzyme is to provide a basic group to remove a proton
from the catechol which is necessary for the reaction to proceed [41]. Formation of the
catecholate also has the effect of orienting the cationic AdoMet so that the probability of methyl
group transfer is increased [43].

A similar situation obtains in GNMT where the substrate is thought to bind with a neutral amino
group and is held tightly in place by 7 hydrogen bonds which have the dual effect of holding
the substrate firmly in place and orienting the lone pair of the nitrogen towards the C of AdoMet
[18]. Again, calculations show that that methyl transfer occurs in a single step and confirm
mutagenesis results indicating that hydrogen bonds to the amino group of the substrate lower
the reaction barrier [27].

By contrast, the reaction mechanism of GAMT showed some surprising differences.
Superficially, the active site of GAMT looks most like that of PNMT in that there is a
carboxylate (Asp134) positioned to remove a proton from the amine of the substrate, in this
instance the NE of guanidinoacetate [20]. This residue could correspond to either Glu185 or
Glu219 in hPNMT (Figure 1). As with the hPNMT E185Q variant, the kcat of the amide
(D134N) mutant was reduced by two orders of magnitude but, unlike E185A or E219A (Table
1), the D134A variant was inactive [20]. A second difference was that density functional
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analysis showed that methyl transfer from AdoMet was coupled to the movement of the proton
from guanidinoacetate to Asp134 [21]. Presumably, it is this coupling that is reflected in the
lack of activity of the GAMT D134A variant.

The previous mutagenesis results for hPNMT indicate that, in spite of the presence of two
carboxylates adjacent to the amine of the substrate, it is likely that hPNMT catalyzes methyl
transfer in a manner more akin to COMT and GNMT than to GAMT. Here the calculations
confirm that prediction and show that the rate-limiting methyl transfer step is not coupled to
proton movement. Rather, proton transfer to Glu185 was seen to occur spontaneously upon
substrate binding.

4. Conclusions
In the present study, three quantum chemical active site models have been employed to
investigate the methyl transfer reaction mechanism in hPNMT. All models confirm that the
methyl transfer reaction takes place via an SN2 mechanism. The calculated barriers, however,
vary considerably among the models. With the smallest model (Model A), which only consists
of truncated models of AdoMet and the substrate, the calculated energy barrier was found to
be in relatively good agreement with that calculated from the experimental rate constant.
However, when additional groups of the active site were added, including the important Glu185
and Glu219 residues, the barrier dropped and the models (Models B and C) yielded worse
agreement with the experimental barrier. Further analysis showed that the disagreement arose
because the carboxylates of Glu185 and Glu219 were modeled in their anionic form. Much
better agreement with the experimental barrier is reached with Model C(H+) in which both
glutamates are protonated and the substrate binds in neutral form. Alternatively, this could
occur if one of the glutamates is protonated initially while the other receives a proton from a
protonated substrate. Consistent with the latter proposal are the PROPKA predictions that the
pKa of Glu185 is around 6 whereas that of Glu219 is around 9, as well as mutagenesis results
indicating that proton transfer is not rate-limiting. Overall, the mechanism of hPNMT is more
similar to those of COMT and GNMT than to that of GAMT.
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Figure 1.
Model structure of the active site of PNMT showing the two substrates, octopamine and
AdoMet. Water molecules are in gray and the potential hydrogen bonding network is in
magenta. As used in the text, N, C and S refer to the amine nitrogen, the methyl carbon, and
the AdoMet sulfur, respectively. The AdoMet structure was from PDB 2G72 while octopamine
and other active site residues were from PDB 2AN4. The figure was created using PyMol
[44].
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Figure 2.
Optimized reactant (A), methyl transfer transition state (B), and product (C) structures for
Model A. Arrows indicate centers that are locked to their crystallographic positions during the
geometry optimizations. Distances are given in angstrom.
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Figure 3.
Optimized reactant (A), methyl transfer transition state (B), and product structures (C and D)
for Model B.
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Figure 4.
Optimized structures of the reactant (A), transition state (B), and product (C) of Model C.
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Figure 5.
Optimized reactant (A), transition state (B) and product (C) structures of Model C in the case
of a protonated Glu219 residue, called Model C(H+).
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Table 1
Michaelis-Menten data for hPNMT variantsa.

hPNMT variant Kn PEA
(µM)

Km AdoMet
(µM)

kcat
(min−1)

Wildtypeb 99 ± 6 3.4 ± 0.2 2.8 ± 0.1

E185Ab 102 ± 6 1.7 ± 0.1 0.17 ± 0.01

E185Qb 101 ± 6 1.3 ± 0.1 0.01 ± 0.001

E219Ac 580 ± 76 7.1 ± 0.8 1.3 ± 0.1

E219Qb 179 ± 17 6.7 ± 0.5 2.9 ± 0.1

E185A/E219A 124 ± 10 3.1 ± 0.3 0.29 ± 0.01

a
Kinetic data were obtained in 50 mM phosphate buffer (pH 8.0) at 30 °C. Each data point is an average of at least three individual measurements. Values

are reported as ± SEM (standard error of the mean).

b
Data from Gee et al [15].

c
Data from Wu et al. [32].
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