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The  Taxus  canadensis  phenylalanine  aminomutase  (TcPAM)  catalyze  the  isomerization  of  (S)-�-
phenylalanine  to the  (R)-�-isomer.  The  active  site of TcPAM  contains  the  signature  5-methylene-3,5-
dihydroimidazol-4-one  (MIO)  prosthesis,  observed  in the  ammonia  lyase  class  of  enzymes.  Up  to now,
there  are  two  plausible  mechanisms  for  these  MIO-dependent  enzymes,  i.e.,  the amino-MIO  adduct  mech-
anism  and the  Friedel–Crafts-type  reaction  mechanism.  In  response  to  this  mechanistic  uncertainty,
the  phenylalanine  aminomutase  mechanism  was  investigated  by using  density  functional  methods.  The
minomutase
ensity functional calculations
nzymatic reaction mechanisms
henylalanine aminomutase
tereochemistry

calculation  results  indicate  that:  (1)  the reaction  prefers  the  amino-MIO  adduct  mechanism  where  the  2,3-
amine shift  process  contains  six elementary  steps;  (2)  the  ammonia  elimination  step proceeds  through
an  E2 mechanism;  (3)  a single  C1  C�  bond  rotation  of 180◦ in  the  cinnamate  skeleton  occurs  in the  active
site  prior  to the  rebinding  of  NH2 group  to the cinnamate.  This  can  be used  to explain  the  stereochemistry
of  the  TcPAM  reaction  product  which  is contrary  to  those  of  the  PaPAM  and  SgTAM  enzymes.  Based  on
these  calculations,  the roles of important  residues  in  the active  site  were  also elucidated.
. Introduction

�-amino acids are important building blocks of biopolymers
nd functional molecules, and the preparation of optically pure
-amino acids have received increasing attention in the past
ecade [1–5]. Recently, notable progress in the development of
hemical methods for the synthesis of �-amino acids by using
hiral pool approach [6] and asymmetric protocols [7–10] has
een achieved. However, biocatalytic routes toward �-amino acids
re still very limited due to the narrow substrate range and strict
egioselectivity of enzyme-catalyzed reactions. Aminomutases
ypically catalyze the isomerization of �-amino acids to �-amino
cids, providing an alternative synthetic strategy for the prepara-
ion of chiral �-amino acids. Aminomutases are usually found in
he biosynthetic pathways of biologically active natural products

uch as blasticidin S [3], enediyne C-1027 [11], viomycin [12] and
axol [13]. Up to now, about ten aminomutases have been iden-
ified, and the stereochemical courses of lysine-2,3- [14,15],
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tyrosine-2,3- [16,17], arginine-2,3- [3] and �-lysine-5,6-
aminomutases [18] reaction have been recognized.

Although these aminomutases catalyze the conversion of �-
amino acids to �-amino acids, they exhibit different reaction
mechanisms and cofactor dependency. For example, �-lysine-
5,6- [18], �-ornithine-4,5- [19], and �-lysine-2,3-aminomutases
[14,15] follow the radical-initiated intermediates, and each enzyme
employs adenosylcobalamin or S-adenosylmethionine and pyri-
doxal phosphate as cofactors, whereas tyrosine aminomutase
(TAM) [3] from Bacillus requires only ATP as a cosubstrate, and
its functionally similar orthologue from Streptomyces requires
no cofactors. A recently discovered enzyme, phenylalanine
aminomutases (PAMs), that catalyze the isomerization of (S)-�-
phenylalanine to (S)- or (R)-�-phenylalanine, also requires no
cofactors (Scheme 1). An interesting aspect of PAM is that its prod-
uct is an essential biosynthetic precursor of the phenylisoserine
side chain of the antimitotic pharmaceutical Taxol [20–22].

Experimental studies have showed that the stereochem-
istry of PAM is uncommon compared to the above described
radical-initiated aminomutase mechanism. For example, when
(2S)-�-lysine and (2S)-�-arginine were used as substrates, the
corresponding (3S)-�-lysine and (3S)-�-arginine were finally

obtained. Further, although TcPAM and SgTAM are both aryl amino
acid aminomutases and share the same cofactor dependency and
similarity (30% amino acid identity), their stereochemistries are
completely different [23–26]; SgTAM catalyze the isomerization
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cheme 1. Isomerization of (2S)-�-phenylalanine to (3R)-�-phenylalanine by
cPAM.

f (3S)-�-tyrosine to (3S)-�-tyrosine, while TcPAM catalyze the
somerization of (2S)-�- phenylalanine to (2R)-�- phenylalanine
17].

From the view point of cofactor dependency and amino
cid sequence similarity, PAM and TAM belong to the same
amily, which also includes several ammonia lyases. Because
hese enzymes contain the 5-methylene-3,5-dihydroimidazol-4-
ne (MIO) motif in their active sites, they are usually called
IO-dependent enzymes. In fact, MIO  can be formed autocatalyti-

ally from the internal tripeptide Ala-Ser-Gly [27–29].
Since the initial discovery of MIO  in the X-ray crystal of his-

idine ammonia lyase (HAL), the mechanistic role of MIO, and
he mechanism of MIO-dependent lyase have been discussed in
iterature for many years [20,30–32]. In general, two  different

echanisms have been proposed for the lyase reaction in which
IO  either reacts with the amine or with the aromatic ring of

he substrate to generate two covalent adducts. Both pathways
ead to the deprotonation and elimination of ammonia to form the
onjugated olefin. On the basis of structural homology and exper-
mental findings, the mechanism of aminomutases is suggested to
e an extension of the lyase chemistry with the re-addition of the
mine via conjugate addition. Thus, two mechanisms have been
roposed for aminoumutases (Scheme 2). One is an amino-MIO
dduct mechanism (Scheme 2A), and the other is a Friedel–Crafts-
ype (FC) reaction mechanism (Scheme 2B). In the first mechanism,
he amino group of the substrate acts as a nucleophile and attacks
he methylidene of MIO  through a conjugate addition. Ammonia
s then expelled from the N-alkylated substrate through an �,�-
limination, and the �,�-unsaturated carboxylic acid is formed.
inally, the amino group is rebound to the �,�-unsaturated car-
oxylic acid, and the corresponding �-amino acid is formed. In
he second proposed mechanism, the reaction is initiated by elec-
rophilic attack of the aromatic ring on MIO, which acts as a Lewis
cid. This Friedel–Crafts-type mechanism leads to removal of the
-proton through a carbocation intermediate, which is followed by

he elimination of ammonia and regeneration of the MIO  group.
From Scheme 2, one can see that both pathways undergo an

bstraction of �-hydrogen of the substrate and formation of a
innamic acid intermediate. The key difference between the two
echanisms is that in the amino-MIO adduct mechanism, the

ucleophile is the MIO-bound amine, whereas free ammonia serves
his function in Friedel–Crafts type mechanism. To further probe
he mechanism of MIO-dependent enzymes, a number of studies
ave been carried out. The co-crystal structures of SgTAM with
n inhibitor (�,�-difluoro-�-tyrosine) by Bruner et al. provided
trong evidence that the MIO-based enzymes use covalent cataly-
is (amino-MIO adduct mechanism) [33]. Recent ONIOM quantum
echanics/molecular mechanics calculations on tyrosine ammo-

ia lyase (TAL) also suggested that the TAL catalyzed reaction
refers the amino-MIO adduct mechanism [34]. The hypothetical
riedel–Crafts mechanism was ruled out due to the high rela-
ive energy of FC intermediate; the ammonia elimination proceeds

ia an amino-MIO intermediate through the concerted (E2) route.
ornscheuer et al. studied the possibility of the two  mechanisms
f phenylalanine and tyrosine ammonia lyases (PAL/TAL) using
utomated docking and molecular dynamics simulations [35] and
ics and Modelling 46 (2013) 65–73

deduced that the Glu484 residue in PAL/PAM prevents the MIO
group from an attack on the amino group of the substrate, imply-
ing the Friedel–Crafts type mechanism occurs. It should however
be noted that the protonated states of the substrate and the key
residues were not considered which would lead to different reac-
tion pathways. Additionally, the details of catalytic reaction and
stereochemistry were not addressed.

Up to now, the controversy surrounding the mechanism is
ongoing, and the nature of stereochemical control is not well
understood. We  hypothesize that the reaction mechanism of these
enzymes may  depend on the different structures of their active
sites. In some cases, the reaction may  follow amino-MIO adduct
mechanism, whereas in other situations, the reaction may  follow
a Friedel–Crafts type mechanism. As for the stereochemistry, sim-
ilar mechanisms may  also lead to different products. For example,
TcPAM catalyze the production of �-phenylalanine, which is the
enantiomer of the product catalyzed by PaPAM, and also differ-
ent to the (3S)-stereochemistry found in the product of the SgTAM
reaction. It has been proposed recently that in TcPAM-catalyzed
reaction, the cinnamate intermediate undergoes an intramolecular
rotation about the C1-C�/C4-C� [21]. The amino group of amino-
MIO  reattaches on the opposite face from which they originated.
The stereochemistry of TcPAM is uncommon compared to the
aminomutase mechanisms examined so far.

It is noted that neither of these two  mechanisms is without
critics, and there is not yet a consensus on the TcPAM catalyzed
enzymatic mechanism. As far as we  know, there are few established
theoretical works directed to the understanding of the detailed
reaction mechanism. For this reason, the principal aim of this paper
is to gain insights into the mechanism of the whole TcPAM cat-
alyzed reaction. The quantum chemical methods used in this work
have been successfully applied in recent years to study the enzy-
matic reaction mechanism; an appropriate model of the enzyme
active site is used, with the rest of enzyme usually being con-
sidered homogenously polarizable and can therefore normally be
treated by dielectric cavity techniques [36–40]. Although these
computational models are relatively small, they are still reason-
ably adequate in describing the enzymatic reaction occurs in the
active site, and in particularly, in distinguishing alternative mecha-
nisms. It is noted that combined quantum mechanics and molecular
mechanics (QM/MM)  methods have been increasingly developed in
recent years to investigate the fundamental and practical problems
in enzymology [41–43]. Compared to cluster models, the influ-
ences of enzyme environment are well considered in the QM/MM
model, but it is usually more expensive than a simple QM calcula-
tion. To increase the computation efficiency, in the present paper,
density functional theory (DFT) calculations with the QM  method
on a cluster model were performed with the aim to resolve the
controversial question of an alternative mechanism, and qualita-
tively understand the transition state structures and energetics of
the two reaction mechanisms. Emphasis is given on the distinction
between the different mechanisms, and a preferred mechanism
will be obtained according our calculations. The important residues
mutated in the experiments will be calculated in our on-going
QM/MM  studies to explain that how the mutagenesis influence the
catalytic rate.

2. Computational details

2.1. Computational methods
Theoretical calculations presented herein were performed using
the density functional theory (DFT) functional B3LYP [44–48] as
implemented in the Gaussian03 program package [49]. The geome-
tries of reactants, products, intermediates, and transition states
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cheme 2. Two proposed mechanisms for the conversion of substrate to product fo
B)  Friedel–Crafts-type reaction mechanism.

nvolved in the reaction have been optimized using the 6-31G(d,p)
asis set in the gas phase. In the model, the truncation atoms were
xed to their crystallographically observed positions. Single point
nergy calculations were performed at the B3LYP/6-311++G(2d,2p)
evel of theory by using the polarizable continuum model (PCM), in

hich the solvation effect of water had been considered by using a
elatively simple self consistent reaction field (SCRF) model using
he UAHF set of solvation radii to build the cavity for the solute in
he gas-phase [50,51]. A dielectric constant of ε = 4 was  chosen to
escribe the protein environment of the active site in agreement
ith previous suggestions [36–40]. All of the reaction pathways
ere subjected to the intrinsic reaction coordinate (IRC) analy-

es, in order to trace their paths and confirm that the optimized
S structures connect the corresponding two structures residing at
inima. Frequency calculations were performed in the gas phase

or each optimized structure with the 6-31G(d,p) basis set to obtain
he zero-point vibrational energies, and to confirm that all of the
ptimized geometries correspond to a local minimum that has no
maginary frequency mode or a saddle point that has only one
maginary frequency mode. Since some atoms were frozen to their
rystallographic positions, a few small negative eigenvalues usu-
lly appear, typically in the order of 10 cm−1. These frequencies do
ot contribute significantly to the zero-point energies and can be

gnored. The final reported energies are obtained from PCM single-
oint energy calculations at the B3LYP/6-311++G(2d,2p) level of
heory based on the optimized structures at the B3LYP/6-31G(d,p)
evel in the gas, plus gas-phase zero-point corrections.
.2. Active site model

A large computational model was built up on the basis of a recent
-ray crystal structure of TcPAM complexed with cinnamic acid
-dependent lyase and mutase enzymes: (A) the amino-MIO adduct mechanism and

(PDB code: 3NZ4) [21]. The active site taken from the crystal struc-
ture is shown in Fig. S1. The cinnamic acid is bound in the active
site, lying about 3.4 Å above the methylidene carbon of MIO. To
obtain the reactant of the reaction, the cinnamic acid was removed,
and the natural substrate (2S)-�-phenylalanine, optimized at the
B3LYP/6-31G(d,p) level with the Gaussian 03 package [49], was
placed into the active site using the Autodock program [52]. Leu104
and Phe371 only provide hydrophobic interaction to the substrate
and were not kept in the computational model. Important residues
(Tyr80, Phe86, Gly87, Tyr322, Arg325, Glu455 and Asn458) which
directly form an extensive network of hydrogen bonds between
the substrate and MIO  were all included. The obtained model con-
sists of 118 atoms with a total charge of -2. Asn458 was  modeled
by an acetamide molecule, and Glu455 by an acetate molecule.
Tyr80 and Tyr322 are both modeled by a methylphenol molecule,
Arg325 included a guanidine group was truncated to the �-carbon.
N-methylacetamide was  used to simulate Phe86 and Gly87. Arg325
and Tyr322 were set in their protonated states, and all of the other
residues in their neutral states. To avoid artificial movements of
various groups, some atoms were forced into their crystallographic
positions during the optimization and such indicated by the asterisk
in the figures.

3. Results and discussion

3.1. The amino-MIO adduct mechanism

The elementary steps involved in the catalytic reaction were

determined through our calculations, as shown in Scheme 3. The
entire process is divided into three main steps: ammonia elimina-
tion, C1 C� bond rotation, and (3R)-�-phenylalanine formation.
The optimized structure of the reactant complex (Re) is shown in
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Scheme 3. Proposed catalytic process of 

ig. 1A, and the transition states, intermediates and product com-
lex (Pr) are shown in Fig. 2.

.1.1. Ammonia elimination

In our calculations, reactant complex Re (Fig. 1A) was taken as

he initial structure of this reaction. The Arg325 residue was set at
ts protonated state, and the substrate was in the anionic form. Dur-
ng the optimization, a proton was immediately transferred from

ig. 1. (A) Optimized structure (Re) of the TcPAM active site with the substrate molecule,
mall  arrows were kept frozen during the geometry optimizations. Distances are in angs
he  substrate (Sub) and MIO.
ino-MIO adduct mechanism for TcPAM.

one amino group of Arg325 to the carboxylic anion of substrate. As
a result, both of the substrate and Arg325 are in the neutral form in
this model. The substrate is anchored by an extensive network of
hydrogen bonds from the active site residues; Asn458 and Arg325

forms a hydrogen bond and a salt bridge, respectively, with the
carboxyl group of the substrate, while. Tyr322 forms two  hydrogen
bonds with the amino group of the substrate and MIO. The dis-
tance between the MIO  methylene carbon and the amino group of

 (2S)-�-phenylalanine, for the amino-MIO adduct mechanism. Atoms marked with
troms. (B) B3LYP frontier molecular orbitals and orbital energies (in atom units) of
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substrate on the methylene carbon of MIO  undergoes a transition
state (TS1) with an energy barrier of 7.8 kcal/mol. The correspond-
ing energy profile in the reaction path are shown in Fig. 3. In TS1,
Fig. 2. Optimized structures of the transition states, intermedia

he substrate is 2.87 Å. Subsequently, molecular orbital calculations
ere further performed to analyze the reactivity of the substrate

nd MIO. It has been reported that the shape and symmetry proper-
ies of KS orbitals are very similar to those calculated by HF methods
53,54], therefore, the KS orbitals are used for the following anal-
sis. The most important frontier molecular orbitals such as the
ighest occupied molecular orbital (HOMO) and lowest unoccupied
olecular orbital (LUMO) are responsible for the reaction between
ethylene and the amino group of the substrate. The HOMO and

UMO orbitals and orbital energies of the substrate (described as
ub) and MIO  are depicted in Fig. 1B. For the substrate molecule,
he HOMO orbital lies at −0.22928 a.u. and the LUMO orbital lies at
.00198 a.u. For MIO, the HOMO orbital is at −0.23099 a.u. and the
UMO orbital is at −0.07105 a.u. Among these orbitals, the HOMO
f substrate and LUMO of MIO  are very close in energy and match-
ng orbital symmetries. Therefore, according to the frontier orbital

heory, the substrate HOMO interacts with the LUMO of MIO  pro-
ucing the greatest stabilization, and the reaction between the
mino group of the substrate and the methylene carbon of MIO
ay  easily occur.
d product complex (Pr) for the amino-MIO adduct mechanism.

As shown in Fig. 2, the nucleophilic attack of the amino group of
Fig. 3. Energy profile for the catalytic reaction.
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Scheme 4. Three alternative pathways (E1, E1cB, E2) propose

he distance of N5 and C7 (the atomic labels are shown in Fig. 1A)
ecreases to 2.09 Å, and carbon C7 changes its hybridization from
p2 to sp3, while remaining negatively charged (−0.18 e). After TS1,
he amino-MIO adduct INT1 is formed in which the distance of
7 N5 and C2 N5 are 1.56 and 1.52 Å, respectively.

The three alternative pathways (E1, E1cB, E2, shown in
cheme 4) for the ammonia elimination from the amino-MIO
ntermediate (INT1) are then considered. The E1- and E1cB-like
limination pathways are both ruled out based on our calculations
ecause all of the structures constructed for the E1 intermediate
carbocationic) and E1cB intermediate (carbanionic) result in INT1
r INT2. Furthermore, we have obtained the transition state (TS2)
or the concerted process which is characterized by an imaginary
requency of 831i cm−1. While the proton H6 of the �-carbon C3
ransfers to Tyr80, the C2-N5 bond is sensibly elongated with a dis-
ance of 1.59 Å simultaneously. The energy barrier for this step is
5.3 kcal/mol. It is concluded that the ammonia elimination reac-
ion follows the E2 mechanism where the hybridization of both
2 and C3 change from sp3 to sp2, and the �,�-unsaturated car-
oxylic acid cinnamic acid is formed in INT2. The E2 mechanism
or the elimination reaction obtained from our calculations is con-
istent with the results of the recent TAL theoretical studies by
ászló Poppe [34]. The N-MIO intermediate that converses to (E)-
ounmarate catalyzed by TAL also undergoes a simultaneous E2
mino elimination.
.1.2. C1 C  ̨ bond rotation
In order to obtain the transoid acrylate product, the amino group

f amino-MIO must reattach to the C� on the opposite side of
he cinnamic acid. A possible explanation is that the cinnamate
he ammonia elimination from the amino-MIO intermediate.

intermediate first undergoes a rotation of C1 C� bond, as described
in Fig. 4, where the transition state, TS3, is characterized by an
imaginary frequency of 176i cm−1. In INT2, the NH2 group is far
away from C� with a distance of 4.2 Å, but in INT3 the NH2 group is
close to C� with a distance of 3.3 Å and faces to the opposite side of
cinnamate. The dihedral angles of O C1 C2 C3 are 1.79◦ in INT2,
−90.95◦ in TS3, and 177.95◦ in INT3, thus indicating a complete
rotation of C1 C� by approximately 180◦. The calculated energy
barrier for this step is 2.7 kcal/mol. INT3 lies only 0.3 kcal/mol lower
than INT2, showing that the rotamers of INT2 and INT3 are ener-
getically equivalent, which is also suggested by the Kep ∼1 for the
TcPAM reaction [55]. During the rotation, the salt bridge is con-
sistently formed between the carboxylate group of cinnamate and
the guanidine group of Arg325; Tyr80 is situated above the C� C�
bond with a distance of ∼2.8 Å and there is no steric clash during
the rotation.

This rotation is unusual among all aminomutase mechanisms
examined so far. The SgTAM reaction was  found to isomerize (S)-
�-tyrosine to (S)-�-tyrosine in which the amino group migrated
from C� to C� across the same face of the coumarate intermedi-
ate. By comparing the active sites of TcPAM21 and SgTAM [33], it
was observed that there are subtle structural differences that may
cause stereodifferentiation. In the TcPAM structure, there is a direct
hydrophobic interaction between Leu104 with the aromatic ring of
the phenylalanine substrate, while in the SgTAM, His93 and Tyr415
form two  hydrogen bonds to the hydroxyl group of the tyrosine

substrate. These two  hydrogen bonds lead to the rotation of the
aromatic ring of the substrate by about 40 ◦compared with that of
the ring of the cinnamate substrate in TcPAM, which positions the
amino group within close proximity to reattach to the C� of the
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Fig. 4. Proposed course for the C1 C� bond rotation. The p-

crylate intermediate. As to TcPAM, only after the cinnamate inter-
ediate undergoes a C1 C� rotation is the amino group able to

ebind to C�. The calculated mechanism is consistent with that pro-
osed by Wu,  B. in that only one bond rotatation is required since
he rotations of both the C1 C� and the C4 C� bonds is energeti-
ally burdensome [56]. The central question regarding how TcPAM
atalyze an opposite stereoisomer of its �-amino acid product com-
ared to that of SgTAM enzyme is successfully answered.

.1.3. (3R)-ˇ-phenylalanine formation
The amino-MIO rebounds to the opposite face of cinnamate in

tep 4. From INT3 to TS4, C3 N5 decreases from 3.34 to 1.98 Å, and
eanwhile the hybridization of C3 changes from sp2 to sp3. This

tep occurs with a barrier of 13.2;kcal/mol and endothermic rela-
ive to INT3 by 10.2 kcal/mol. In INT4, the distances between the
3 N5 and N5 C7 bonds are 1.61 Å and 1.51 Å, respectively. The
roton H6 transfers back easily from Tyr80 to C2 of �-complex with

 low barrier of 3.2 kcal/mol. In the final step (step 6), the N5 C7
ond breaks and leads to the reaction product with an energy bar-
ier of 15.4 kcal/mol.

.2. The Friedel–Crafts-type mechanism

In our exploration of possible reaction mechanisms, the
riedel–Crafts-type mechanism has also been studied. As shown
n Scheme 2B, MIO  is proposed undergo nucleophilic attack by the
romatic ring, and one ammonia molecule is eliminated. Accord-
ngly, the substrate is set to its zwiterionic state (described as Sub’)
n the constructed model. The optimized structure and B3LYP fron-
ier molecular orbitals and orbital energies of the Sub’ and MIO  are
hown in Fig. 5. There is a small change in the structure of the active
ite compared with the reactant structure in the amino-MIO adduct
echanism (Fig. 1A); the carboxyl group of Sub’ is still anchored by
rg325, but the C1 C2 bond has rotated 96◦ relative to the original
1 C2 bond of the Sub. As well, the protonated amino group forms
wo hydrogen bonds to Glu455 and Phe86. The dihedral angle of
he benzene ring and the carboxyl group is 109.9◦ in Sub’, while
his value is 30.6◦ in Sub. In order to obtain the �-complex carbo-
ation intermediate described in Scheme 2B, we have performed a
eries of constrained optimizations by fixing the C5 C7 distance.
he calculated energy profile, along with the variation of the C5 C7
istance, was plotted in Fig. S2. Unfortunately, the energies are

ncreased steadily, and no transition state was found. The last struc-
ure was then optimized, but resulted in what was the structure

f the reactant due to large steric distortions. Interestingly, when
he proton atom was abstracted by Tyr80, an intermediate, which
ies 39.5 kcal/mol higher than the reactant, was obtained (shown
n Fig. S3). This energy can be considered relatively high, and this
ls on the C C and the ring are only provided for perspective.

pathway can be excluded. Furthermore, as shown in Fig. 5B, the
HOMO and LUMO orbital energies of the substrate are −0.19641
and −0.02477 a.u., respectively, and those of MIO  are −0.23099 and
−0.07105 a.u. respectively. It can be seen that the energy of HOMO
of Sub’ is closer to the LUMO of MIO  than the HOMO of Sub. How-
ever, the FC-mechanism can be ruled out because the HOMO of
Sub’ involves the carboxylate group, and not the benzene ring. All
these analyses show that the Friedel–Crafts-type mechanism can
be excluded.

3.3. Discussion

According to these calculation data, the Friedel–Crafts-type
mechanism may  be excluded, and the amino-MIO adduct
mechanism is more favorable both from thermodynamic and
kinetic points of view. The overall reaction is exothermic with
13.3 kcal/mol, and the rate-limiting step is the concerted reaction
of the deprotonation at the �-position and ammonia elimination
through an E2 mechanism with an energy barrier of 25.3 kcal/mol.
The dynamics of the C� H bond of the substrate measured by
experiments also indicated that the C H bond cleavage was  likely
rate limiting [55]. The free energy of this step is calculated to be
13.1 kcal/mol. Furthermore, the semi-classical kinetic isotope effect
(KIE) [57–60] was calculated to approximately evaluate the nuclear
quantum dynamical effect on the rate-limiting step. The required
free energy of activation and vibrational frequencies were deter-
mined at the B3LYP/6-31G(d,p) level using the Gaussian03 package
[49], as shown in Table S1. The semi-classical KIE value is 4.6 and
the Wigner-corrected KIE value is 5.5, implying that the quantum
mechanical tunneling effect is not significant in this step.

The mechanism for MIO-dependent enzymes has been con-
troversially discussed for many years. In our calculations, the
geometrical structures and the frontier molecular orbital analysis
show that MIO  preferentially reacts with amino group of phenyl-
alanine, but not with the aromatic ring. We  therefore suggest that
the MIO-dependent enzymes using phenylalanine as the substrate
will share the similar catalytic pathway, such as PAL, PAM. The
elementary steps obtained from the calculations account for the
observed kinetic isotope observed in experiments. The intermedi-
ate cinnamic acid also agrees well with the crystal structure (PDB
code: 3NZ4) [21,55]. Moreover, calculations have elucidated the
role of the catalytically relevant residues in the active site; Tyr80 is
identified as critical in the TcPAM reaction by shuttling the proton

between the �- and �-positions and Tyr322 forms a hydrogen bond
to the nitrogen atom of MIO  to assist the electrophilic character
of MIO. Arg325 strongly anchors the carboxylate of the substrate
through a salt bridge interaction, which serves to fix one side of
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ig. 5. (A) Optimized structure of the TcPAM active site with the substrate’ for the F
in  atom units) of the substrate’ (Sub’) and MIO.

he substrate throughout the catalytic reaction. The other residues
he86, Gly87, Glu455, and Asn458 contribute to maintaining the
etwork of hydrogen bonds in the active site.

. Conclusion

In this work, we have presented a theoretical investigation of
he catalytic mechanism of TcPAM by employing the B3LYP density
unctional theory. The main results can be summarized as follows:

1) The reaction proceeds through an amino-MIO adduct
mechanism, but not a Friedel–Crafts-type mechanism. The
Friedel–Crafts mechanism may  be ruled out mainly because
of its high energy and also by the frontier molecular orbitals
analysis. In the amino-MIO adduct mechanism, the deprotona-
tion at the �-position and ammonia elimination occurs on the
amino-MIO adduct through an E2 mechanism.

2) The stereochemistry of the TcPAM reaction can be achieved
by rotation of the cinnamate intermediate around the C1 C�
bond prior to rebinding of the amino group at the �-position
of the intermediate. This would be the reason that TcPAM cat-
alyze the opposite stereochemistry production compared with
PaPAM and SgTAM.

3) The role of several important active-site residues are illustrated
according to our calculations. The substrate is anchored in the
active site by an extensive network of hydrogen bonds between
its amino group and Tyr322, as well as between its carboxyl-
ate group, Arg325, and Asn458. We  have confirmed the role of
Tyr80 in shuttling the proton between the �- and �-positions
as the enzymatic base.

4) The mechanism described here for TcPAM is consistent with
several experimental results, and provides strong theoretical
support for the stereochemistry. This is expected to shed light
on the preparation of the chiral building blocks.
cknowledgment
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Appendix A. Supplementary data

Supplementary data (including data for KIE calculations, the
active site taken from the X-ray crystal structure of TcPAM, approx-
imate potential energy profile of the formation of carbocation
intermediate, and the optimized intermediate structure for the FC
mechanism) associated with this article can be found, in the online
version, at http://dx.doi.org/10.1016/j.jmgm.2013.09.010.
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