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Epinephrine is a naturally occurring adrenomedullary hormone that transduces environmental stressors into
cardiovascular actions. As the only route in the catecholamine biosynthetic pathway, Phenylethanolamine N-
methyltransferase (PNMT) catalyzes the synthesis of epinephrine. To elucidate the detailed mechanism of
enzymatic catalysis of PNMT, combined quantum-mechanical/molecular-mechanical (QM/MM) calculations
were performed. The calculation results reveal that this catalysis contains three elementary steps: the depro-
tonation of protonated norepinphrine, the methyl transferring step and deprotonation of the methylated nor-

Keywords:
QMy/MM epinphrine. The methyl transferring step was proved to be the rate-determining step undergoing a SN2
Epinephrine mechanism with an energy barrier of 16.4 kcal/mol. During the whole catalysis, two glutamic acids Glu185

and Glu219 were proved to be loaded with different effects according to the calculations results of the
mutants. These calculation results can be used to explain the experimental observations and make a good
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complementarity for the previous QM study.
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1. Introduction

Epinephrine (EPI, also known as adrenaline), is a naturally occur-
ring hormone. It is released from the adrenal gland within the central
nervous system (CNS) [1,2]. Increased data has shown that epineph-
rine acts directly in controlling the cardiac excitability [3], blood pres-
sure [3], vasodilation [3], respiration [4], and metabolism by
stimulating the o and 3 receptors. Recently, it was also suggested
that it may be extensively concerned with the degeneration of those
neurons in the Alzheimer's disease [5,6].

Epinephrine is synthesized from amino acid tyrosine, which
undergoes a series of intermediates catalyzed by different enzymes
and ultimately evolves into epinephrine [7,8]. In the final step, Pheny-
lethanolamine N-methyltransferase (PNMT) catalyzes the transfer of
norepinphrine (NE) to epinephrine, utilizing the cofactor S-adenosyl-
L-methionine (AdoMet) as a methyl group donor, [8] as depicted in
Fig. 1. It is proved to be the key path for the formation of this neuro-
transmitter. Therefore, to elucidate the catalytic mechanism of PNMT
is vital for the fundamental importance, and also sheds light on the
design of new PNMT inhibitors.

Over decades, a variety of studies have addressed on the gene ex-
pression, mutagen, structure, and inhibitors design of PNMT. In 1959,
Kirshner firstly identified that PNMT is responsible for the synthesis
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of epinephrine from norepinephrine [9]. Very recently, Axelrod dem-
onstrated that PNMT in adult mammals was highly localized in the
aderenal medulla [10]. Subsequently, an isotopic assay was applied
in PNMT to measure the effects of various physiologic states and
drugs on epinephrine biosynthesis [11-14]. In recent years a number
of crystallographic studies have presented the static three-
dimensional spatial arrangement of atoms of PNMT in complex with
inhibitors [15-18]. On the basis of sequence analysis, PNMT belongs
to the small molecule subfamily of methyltransferases (MTs) that
use AdoMet as methyl group donor.

The crystal structure of human PNMT (hPNMT) was reported by
Martin, [19] which is a ~31 kDa protein. There is an o/ domain in
the polypeptide fold that combines with one central 7-stranded
mixed [ sheet and three helices. The crystal structures reveal that
the substrate and cofactor are located on one edge of the 3 sheet.
And several motifs form an extensive cover enclosing the binding
sites. From the site-directed mutagenesis, several residues surround-
ing the active pocket such as Asp267, Glu219 and Glu185 have been
identified, which play important roles in the catalysis.

Previous researches have provided much information. However,
few studies have focused on the reaction mechanism of PNMT. Re-
cently, the hybrid density functional theory method has been used
to study the reaction mechanism of hPNMT [20]. In the calculations,
three active site models were constructed of different size. In the
small model, only the simplified coenzyme and substrate were in-
cluded. In the larger model, some residues around the substrate
were kept frozen at their crystallographic positions. Although these
models proved that the methyl-transfer reaction occurs via a SN2
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Fig. 1. Schematic showing of the chemical reaction catalyzed by PNMT. PNMT catalyzes the transfer of an activated methyl group from S-adenosyl-L-methionine (AdoMet) to the
amine of norepinephrine (NE) forming epinephrine (EPI) and S-adenosyl-L-homocysteine (AdoHcy).

mechanism, different models undergo different paths with different
barriers. Model C(H+) presented better results, but the model was
not suitable for the study of subsequent proton transfer. In addition,
the protein environment is usually considered to be significant for
an enzyme catalysis, but this work did not involve the whole enzyme
environment. Kamerlin and coworkers [21] proposed that simple
models which ignore most parts of the enzyme and frozen the cata-
lytic residues during the calculations could not adequately model
the electrostatic environment of the real active site. There are still a
number of intriguing questions that remain unsolved. For example,
how many elementary steps does this reaction contain, the mechanis-
tic details of the methyl group transfer process, and how the environ-
ments, especially the residues in or surrounding the active pocket,
influence the catalytic reaction. Answers to these questions are not
yet accessible by experimental approaches. Therefore, further theo-
retical study at the atomic level is highly desired.

Here, we present a comprehensive theoretical study on PNMT by
using combined quantum mechanics and molecular mechanics
(QM/MM) method, which has been successfully applied in the fields
of extended systems, including enzymes [22-26]. But to the best of
our knowledge, it has not been applied in the studies of PNMT. The
basic idea of QM/MM is easy to understand. The whole system is par-
titioned into two regions that the reactive region (QM region) is trea-
ted quantum-mechanically and the outer region (MM region) is
described by a classic force field. In this methodology, not only the
chemical bond breaking and forming could be described, but also
the effect of the total protein and solvent water could be taken into
account [27-32]. The binding structure, possible mechanism, energet-
ic details of intermediates and transition states, and the roles of key
residues will be elucidated in this paper.

2. Computational details
2.1. Computational model

So far, there is no available crystal structure of PNMT ternary com-
plex in the reactive state, as under the regular experimental condi-
tions it would immediately lead to the product state. In our
calculations, the initial model was prepared on the basis of X-ray
crystal structure of hPNMT in complex with S-adenosyl-L-homocyste-
ine (AdoHcy) and the inhibitor SK&F 29661 (PDB ID: THNN), [19] as
shown in Fig. 2(a). In the crystal, there are two almost identical

monomers in the asymmetric unit, so one monomer is chosen as
the computational model. AdoHcy was amended to AdoMet by add-
ing one methyl group on the sulfur atom based on the geometry pa-
rameters of AdoMet bound to PNMT reported by Gee and coworkers
[16]. The norepinphrine molecule was separately optimized at the
B3LYP/6-31G(d) level with the Gaussian 03 package [33] and then
deposited into the active pocket in place of the inhibitor using the
Autodock program [34]. Then the complete enzyme-cofactor-sub-
strate model was solvated into a water sphere of 30 A radius centered
on the nitrogen atom of norepinphrine. All hydrogen atoms were
added by the HBUILD facility in the CHARMM 22 [35]. Three sodium
ions were also added at random positions to neutralize the system.
SHAKE algorithm [36] was used to constrain the stretching of bonds
involving hydrogen atoms. The PROPKA method [37,38] was used to
adjust the protonation states of ionizable residues. In the QM region,
the pKa values of Glu219 and Glu185 calculated by the PROPKA meth-
od were 6 and 7, respectively, thereby both of them were assigned to
the deprotonated forms under the standard assay conditions of pH
8.0. For noradrenaline, the amine would be expected to be protonat-
ed. The Mulliken charge parameters of the substrate were derived
from the QM(B3LYP) calculations. The resulting complex contains
14,927 atoms, including PNMT protein, AdoMet, norepinphrine,
3598 water molecules, and 3 sodium ions. A total of 800 ps molecular
dynamics simulation was performed to equilibrate the system and
the last snapshot was selected as the starting structure for the QM/
MM optimizations, as shown in Fig. 3. All the above procedures
were accomplished with the CHARMMZ22 all-atom force field pro-
gram [39].

2.2. QM/MM calculations

Following the equilibration described earlier, the QM region was
chosen to include residues Glu185, Glu219, Tyr35, protonated nore-
pinphrine, a part of AdoMet and two water molecules, for a total of
81 QM atoms. The total charge of this region is 0. The rest of the
model atoms were assigned to the MM part. The QM/MM interface
was treated by a pseudobond reaction coordinate approach [40,41].
The QM part was treated at the B3LYP/6-31G(d) level and the MM
part was described at the CHARMM?22 force field. During the QM/
MM geometry optimizations, the QM region and the MM atoms with-
in a distance of 10 A centered on the N atom of norepinphrine were
allowed to relax, whereas the remaining MM atoms were fixed. A
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Fig. 2. (a) Crystal structure of PNMT (PDB code: 1HNN); (b) Structure of the active pocket taken from the crystal.

standard electronic embedding scheme [42] was employed to de-
scribe the electrostatic interactions between the QM region and MM
region. The point charges of all the MM atoms were incorporated
into one electron Hamiltonian of the QM treatment to avoid the po-
larization effects, and hydrogen link atom method was used to satisfy
the valences. The QM/MM calculations were performed with
ChemShell [43] which combines Turbomole [44] and DL-POLY [45]
for density functional theory and MM calculations, respectively. The
QM/MM-scanned energy mapping method was employed to describe
the reaction path by representing a discrete number of structures. A
geometry optimizer of hybrid delocalized internal coordinates
(HDLC) in ChemShell was used to perform optimizations, which
uses the quasi-Newton limited memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) algorithm to search for minima, and the
partitioned rational function optimization (P-RFO) algorithm for
transition states. The L-BFGS optimizer starts from a unit Hessian

Fig. 3. The final solvated model of PNMT, after treatment with CHARMM package.

and applies the BFGS updated on the fly using the history of the opti-
mization, and this method is well suited for optimization problems
with a large number of variables. The P-RFO method can find transi-
tion states by following eigenmodes of the Hessian, and the transition
states are characterized by a single negative eigenvalue [43]. Finally,
to obtain accurate energies, single-point QM/MM calculations at larger
basis set 6-314++G(d,p) were performed. All the energies reported
herein were corrected by zero-point vibrational effects.

3. Results and discussion
3.1. Structure of enzymic ternary complex

The initial crystal structure [19] is shown in Fig. 2(a), with the in-
hibitor (SK&F 29661) and cofactor product (AdoHcy) binding in the
active pocket. SK&F 29661 is a common inhibitor for PNMT which is
composed of a tetrahydroisoquinoline system with a sulfonamide
substituted at 7 position. Fig. 2(b) shows the active pocket and sur-
rounding residues. Glu219 forms one hydrogen bond to the aliphatic
amino directly, while Asp267 form one hydrogen bond to the aliphatic
amino through a mediated-water molecule. Asn39 and Phe182 connect
to the aliphatic amino by hydrogen-bonding and m-m interactions.
Arg44, Tyr123 and Lys57 interact with the two oxygen atoms. Overall,
these surrounding residues are believed to be catalytically important
for PNMT.

In the QM/MM model, the protonated norepinphrine was used to
substitute the inhibitor. The optimized structure taken from the reac-
tive pocket of PNMT is shown in Fig. 4. Compared with the crystal
structure including the inhibitor, the active pocket is located at the
same position as the protein, but the binding mode is a little bit differ-
ent. In the optimized geometry, the methyl group presents excellent
direction towards to the protonated amino group. The nitrogen
atom of amino is positioned by Tyr35 and Tyr222 through a
mediated-water molecule, and the hydrogen atom is stabilized by a
hydrogen bond to Glu219 and GIu185 through a mediated-water
molecule. In the side chain hydroxyl group, the oxygen atom forms
a hydrogen bond to a water molecule and Asp267, and the hydrogen
atom is hydrogen bonded to the residue Glu219. Another residue
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Fig. 4. (a) The active site structure of PNMT at its initial state after QM/MM optimization; (b) The skeleton drawing.

Lys57, near the 4-OH group, makes a strong interaction with the
oxygen atom. Arg44 and Asn39 are located at the side of the active
pocket. Then a large hydrogen bonding network is formed in the ac-
tive region and the substrate is tightly bound to the coenzyme and
protein by these hydrogen bonds, which would be responsible for
the critical near-attack reactive conformation effect. This structure is
used as the initial reactive state for the QM/MM calculations of the
reaction mechanism.

3.2. Reaction paths

In this subsection, we provide the calculation results of reaction
mechanism. This catalysis is supposed to occur through three steps
as illustrated in Fig. 5, i.e., the protonated amino deprotonating step,
the methyl transferring step, and the methylated norepinephrine
deprotonating step. First, the protonated amino loses a proton to
Glu185, yielding the neutral norepinephrine. Then, the methyl
group transfers from the sulfur atom of coenzyme AdoMet to the ni-
trogen atom of norepinephrine, with the concomitant conversion of
AdoMet to AdoHcy. Last, the protonated epinephrine loses one proton

to form the final product. As can be seen from our model, a mediated
water functions as a bridge for the proton transferring to Glu219.
The optimized structures along the PNMT catalytic process are
demonstrated in Figs. 6 and 7. In the first step, a proton of the proton-
ated norepinephrine moves to Glu185 through a water bridge, and
the neutral norepinephrine which behaves as the methyl acceptor
as the next step is formed. This process undergoes a low energy bar-
rier of 5.4 kcal/mol. In the second step, the methyl transfer is de-
scribed as a typical SN2 process. As can be seen from the structure
of the intermediate IM1 in Fig. 6, the methyl donor and acceptor pre-
sent a very right order that the lone pair of electrons of the amino ni-
trogen point to the methyl carbon of AdoMet. The distance between
the methyl carbon and the N atom of NE is 3.77 A, and the angle of
S(AdoMet)...CH5...N(NE) is 152.9°. The positively charged sulfur
atom of AdoMet also largely facilitates the methyl transfer. In TS2
(shown in Fig. 7), the methyl group is almost planar placed between
the donor and the acceptor atoms. The distances of S(AdoMet)...C
and C...N(NE) are 2.19 and 2.47 A, respectively. For the angle of
S(AdoMet)...CHs...N(NE), it increases as the reaction progresses
and has a maximal value of 169.37°, which is a nearly linear arrange-
ment. In addition, the methyl group has a net positive charge of 0.26.
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Fig. 5. The proposed reaction path for PNMT. (a) Deprotonation. A proton transfers from the protonated amine to Glu185 via a bridging water. (b) Nucleophilic attack. The methyl
group transfers from AdoHcy to NE. (c) Deprotonation. A proton transfers from the methylated NE to Glu219 via a bridging water. (d) Products of the reaction, EPI and AdoMet are

generated. Ad refers to the adenine ring of AdoMet and AdoHcy.

Frequency calculations give the unique imaginary frequency of
161i cm~! for TS2. All these data suggest an inherent characteristic
of SN2 mechanism. Then the methyl group successfully transfers to
the nitrogen of NE, and the coenzyme AdoMet converts to AdoHcy si-
multaneously. A new hydrogen bond forms between the sulfur atom
and Tyr35 though a mediated water molecule, stabilizing the coen-
zyme. This methyl-transfer process suffers an energy barrier of
16.4 kcal/mol and an exothermicity of 48.2 kcal/mol. The barrier is
consistent within the framework of transition state theory with the
experimentally observed k. [46]. Then the positive charge on N
will facilitate the proton transfer to form the final product EPI. As
shown in our mechanism, the last step is a water-assisted proton
transfer from methylated NE to Glu219, which is considered to be a
concerted mechanism that one hydrogen of methylated amino group
transfers to the bridge water, and simultaneously one hydrogen of
water moves to the carboxylate ions of Glu219. The bond distance of
H(NE)...O(W1) has been shortened from 1.63 in IM2 to 0.99 A in P,
meanwhile the distance of H(W1)...0(Glu219) has changed from 1.86
t01.10 A. The TS3 has an imaginary frequency of 138i cm ™~ ! and the cal-
culated energy barrier is 4.7 kcal/mol. Finally, the product EPI is formed
and released from the active site. The corresponding energy profile
along the reaction path is presented in Fig. 8.

For the first step, we also attempted another pathway in which
Glu219 behaves as the proton acceptor. But the protonated glutamic
acid on residue Glu219 was not stable enough to be obtained. The
proton atom always spontaneously transfers to Glu185 and the
same product as previous was formed. As can be seen from Fig. 8,
for the methyl transferring step, it proceeds with an exothermicity
of 48.2 kcal/mol. In an effort to elucidate the origins of the high

exothermicity, firstly, we compared the QM region structures of IM1
and IM2. In these two states, the structures and positions of the sur-
rounding residues only changed a little, and one water molecule
(W2) moved obviously. Then, in IM2 a new hydrogen bond formed
between the sulfur atom and Tyr35 by the aid of W2, stabilizing the
coenzyme. To exam the energetic contribution of W2, it was parti-
tioned into the MM region. But the obtained energy barriers only
changed by 1~2 kcal/mol. It could be concluded that there were no
structural movements that would contribute to the high exothermici-
ty. Then two models of different size were constructed based on our
QM/MM model, and their relative energies were calculated at the
B3LYP/6-31G(d) level with the Gaussian 03 package [33]. In the
small model, only the substrate (norepinphrine) and the coenzyme
(AdoMet) were considered, while the other surrounding residues
were removed. In the large model, all the residues in the QM region
of our QM/MM calculations (Glu185, Glu219, Tyr35, W1 and W2)
were included. In the two models, the energy barriers of the methyl
transfer step were almost the same (11.0 and 11.2 kcal/mol) as that
of QM/MM model, but the exothermic values were greatly different,
which were —15.0 and —61.0 kcal/mol for the small and larger
models, respectively, as shown in Fig. S1. These results agree quite
well with the results of F. Himo [20] and our QM/MM calculations.
In F. Himo's work, the high exothermic values were also obtained
from the large models (model B and model C), and the lower exother-
mic value from the small model (model A). It suggests that residues
GIn185, Glu219, Tyr35 and two water molecules exhibit great influ-
ences on the reaction energies. By checking the electronic changes
of IM1 and IM2, we found that the positive charge on the sulfur
atom of AdoMet has transferred to the nitrogen of norepinphrine
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Fig. 6. Optimized structures of reactant (R), Transition state (TS1), Intermediate (IM1).
Distances are given in A.

during the methyl transfer step. And the positive charge on nitrogen
atom of IM2 is dispersed by the surrounding residues, especially
Glu185, Glu219, and Adp267. Overall, our results have confirmed

the remarkable role of the protein environments and solvent mole-
cules in stabilizing the system.

It should be noted that the starting structure used for the QM/MM
calculations on wild-type PNMT was constructed completely based
on the X-ray crystal structure. As described above, we have per-
formed an 800 ps MD simulation, achieving a change in energy of
<0.001 kcal/mol and a RMS gradient of <0.001 kcal/mol-A. However,
different starting structures may affect the energy barriers but not the
reaction mechanism. More recently, total of 11 different initial struc-
tures taken from MD simulations were used to calculate the reaction
energy path for histone lysine methyltransferases (HKMTs) by Zhang
and coworkers [47]. Their QM/MM calculations yielded a consistent
mechanistic picture for the reaction and the fluctuation of free energy
barriers was only 4= 1.1 kcal/mol. Furthermore, Xiong and coworkers
[48] also examined the possible barrier fluctuation for one step of
their enzymic reaction which was only 0.2 kcal/mol. Concluded
from these previous studies, the barrier fluctuation has a strong con-
nection with the geometric parameters associated with the reaction
coordinate, more similar to the values of the geometric parameters
with the corresponding average value, and closer to the energy barri-
er calculated with this snapshot to the average value of the energy
barriers calculated with all the snapshots. To check the possible barri-
er fluctuation of our system, 800 ps MD simulations on the structure
IM1 were further performed, and a stable MD trajectory was
obtained. The final snapshot was taken as the initial structure to re-
peat the QM/MM calculations for the proton transfer step as the pre-
vious calculations. At the same level, the activation barrier was
calculated to be 17.1 kcal/mol which is 0.5 higher than the previous
one. So, one snapshot close to the average values of the geometric pa-
rameters taken from MD simulation is reliable for the QM/MM opti-
mization and mechanism calculations.

Overall, the QM/MM calculation result was found to be in relative-
ly better agreement with the experiments than the work of F. Himo
[20]. In their initial structures prepared for calculations, the protonat-
ed state the substrate was not obtained, because during the optimiza-
tion, a proton moved immediately from the amino group to Glu185.
Model B and model C were devised to represent the whole process
of the catalysis. In model B, two elementary reactions were included
which were methyl transfer and proton transfer. But in the later
step, the proton transferred directly to Glu219 but not via the bridge
water. In model C, the intermediate of methylated norepinphrine was
not found, and the result was that the methyl transfer was concerted
with the proton transfer. The mechanism derived from their calcula-
tion was a little different from ours, and we ascribe these to the differ-
ent calculating models. In these QM studies, the cluster models were
used for simplification, and the protein environment was considered
using solvation calculations in a polarizable dielectric medium. But in
our QM/MM calculations, the actual protein environment of PNMT is
accounted for the catalytic mechanism. The important residues are
included in the QM region and all the residues within a distance of
10 A centered on the N atom of norepinphrine are flexible during
the calculations, which enable us to model the reactive biomolecular
systems at a reasonable effort. It is inspiring to see that our QM/MM
results show a remarkable effect of the protein environment on the
rate-determining reaction.

3.3. Analysis of the enzymatic environment contribution

There was a notable experimental phenomenon that the mutation
of Glu185 to Gln decreased the catalytic rate constant (kca) of the en-
zyme by about 280-fold (0.01 min~ ' vs 2.8 min~!), but the mutation
of Glu219 to Gln increased Ky a little (2.9 min™' vs 2.8 min~ ') [46].
Although much information has been gained from these mutagenesis
results, the different roles of residues Glu185 and Glu219 are still
unclear at atom level. To further elucidate such differences in cataly-
sis, we carried out the QM/MM calculations on the basis of Glu185GIn
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Fig. 7. Optimized structures of reactant (TS2), Transition state (IM2), intermediate (TS3) and product (P). Distances are given in A.

and Glu219GIn mutants. Mutations by VMD, MD simulations at the
CHARMMZ22 force field were firstly performed, and then geometrical
optimization was carried out at the same QM/MM level of theory as
for the wild enzyme.

In experiments, E185Q mutants had the same K, value as the
wild-type  hPNMT but extremely lower K value. The rate-
determining step was studied and the QM/MM optimized geometries
for the Glu185GIn mutant are depicted in Fig. 9. Compared with the
geometries of IM1 (in Fig. 6) associated with the wild enzyme,
E185Q mutation presents obvious structural changes in the active

A82,
_.fé :__.(18.4}13.
= IBL ; i
Sl x ey L
z ©0) 29)
2 1
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(-46.2) im)
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Fig. 8. Energy profile of the PNMT catalytic process.

o

Fig. 9. QM/MM optimized active structure of enzyme mutation Glu185GIn.
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Fig. 10. Energy profile and optimized structures of intermediate (IM1,), transition
state (TS2,) and intermediate (IM2,) for mutation Glu219 in the methyl transferring
step.

site. The hydrogen bond between the bridge water and residue 185
no longer exists. It is important to note that the bridge water is sand-
wiched between the methyl group and the amino. As a result the
methyl-transfer path will be blocked compulsively. This is why the
mutant of GIn185 had a lower k¢, value than that of wild enzyme.

Besides Glu185, another key residue taking part in the catalysis is
Glu219. The site-directed mutagenesis results have shown that
Glu219GlIn had little effect on the ke, value. Fig. 10 clearly displays
the QM/MM optimized geometries and energy profile of the mutant
Glu219GIn on the rate-determining reaction step. In the intermediate
IM1,, the near-attack reactive conformers is formed, which is similar
with the reactant IM1 of the wild-type enzyme. The bridge water still
forms two hydrogen bonds between GIn219 and Glu185. The methyl
donor and acceptor present favorable direction to each other for the
methyl transfer. Similar with the wild-type enzyme, the methyl
transfer undergoes a SN2 mechanism with an energy barrier of
7.8 kcal/mol. Frequency calculations give the unique imaginary fre-
quency of 136i cm™ ! for TS2,. For the second step of proton transfer,
IM2, undergoes a very small activation energy barrier to generate the
final product P, (Fig. S2). Thus, in the case of the Glu219GIn mutant,
the catalytic reaction proceeds successfully.

4. Conclusions

In the present study, the detailed mechanism of Phenylethanolamine
N-methyltransferase (PNMT) was investigated by using combined
quantum-mechanical/molecular-mechanical (QM/MM) approaches.
The catalysis consists of three elementary steps, and the methyl transfer-
ring step is proved to be the rate-determining step undergoing a SN2
mechanism with an energy barrier of 16.4 kcal/mol at the QM/MM
B3LYP/6-31++G(d,p)//CHARMM?22 level of theory. In the active site,
Glu219, Glu185, Tyr35, and two crystal water molecules are found to
have the function to stabilize the transition state. Two glutamic acids
of Glu185 and Glu219 have taken part in the catalysis, but played differ-
ent roles. In the first step, Glu185 behaves as the proton acceptor, and
the neutral substrate is formed. In the last step, Glu219 gets a proton
from the protonated EPI, and the catalytic reaction is completed. Both
of them could be the target residues for mutation to change the efficiency
of PNMT.
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