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The reaction pathway of Schiff base hydrolysis catalyzed by type I dehydroquinate dehydratase (DHQD)
from S. enterica has been studied by performing molecular dynamics (MD) simulations and density
functional theory (DFT) calculations and the corresponding potential energy profile has also been
identified. On the basis of the results, the catalytic hydrolysis process for the wild-type enzyme consists of
three major reaction steps, including nucleophilic attack on the carbon atom involved in the carbon—
nitrogen double bond of the Schiff base intermediate by a water molecule, deprotonation of the His143
residue, and dissociation between the product and the Lys170 residue of the enzyme. The remarkable
difference between this and the previously proposed reaction mechanism is that the second step here,
absent in the previously proposed reaction mechanism, plays an important role in facilitating the reaction
through a key proton transfer by the His143 residue, resulting in a lower energy barrier. Comparison with
our recently reported results on the Schiff base formation and dehydration processes clearly shows that the
Schiff base hydrolysis is rate-determining in the overall reaction catalyzed by type I DHQD, consistent
with the experimental prediction, and the calculated energy barrier of ~16.0 kcal mol™" is in good
agreement with the experimentally derived activation free energy of ~14.3 kcal mol™'. When the
imidazole group of His143 residue is missing, the Schiff base hydrolysis is initiated by a hydroxide ion in
the solution, rather than a water molecule, and both the reaction mechanism and the kinetics of Schiff
base hydrolysis have been remarkably changed, clearly elucidating the catalytic role of the His143 residue
in the reaction. The new mechanistic insights obtained here will be valuable for the rational design of
high-activity inhibitors of type I DHQD as non-toxic antimicrobials, anti-fungals, and herbicides.

fungi and plants but not in mammals makes it a potential target
for antimicrobial agents and herbicides. In the catabolic pathway,
dehydroshikimate is further aromatized to protocatechuic acid
that goes on to be metabolized to acetyl-CoA through the

Introduction

The dehydration of dehydroquinate to dehydroshikimate cata-
lyzed by dehydroquinate dehydratase (DHQD), as depicted in

Scheme 1, occurs in both the biosynthetic shikimate pathway
and the degradative quinate pathway. In the biosynthetic shiki-
mate pathway, DHQD introduces a double bond into the hexane
ring of the substrate, which is further converted to be the central
metabolite, chorismic acid. As a precursor, a lot of aromatic
compounds are made from it including the aromatic amino acids,
ubiquinone and vitamin E." The fact that the shikimate pathway
is only found in all prokaryotes and in lower eukaryotes such as
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B-ketoadipate pathway.” This pathway has been found in both
fungi and prokaryotes such as Amylocaptosis methanolica and
Acinetobacter calcoaceticus.>*
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Scheme 1 The dehydration of dehydroquinate to dehydroshikimate
catalyzed by dehydroquinate dehydratase (DHQD).
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Two distinguishable types of DHQD enzymes have been
identified, known as type I and type II. Surprisingly, they neither
share any sequence similarities, nor employ the same reaction
mechanism, but catalyze the same chemical reaction, represent-
ing an unusual case of convergent evolution.”® Type I DHQD
catalyzes the dehydration of dehydroquinate through a covalent
Schiff base intermediate formed between the substrate and
Lys170 residue.” By contrast, type I DHQD undergoes an
enolate intermediate to catalyze the reaction.”” Another remark-
able mechanistic difference between these two types of the
enzymes is the stereochemistry of the elimination reaction; type I
DHQD employs cis-elimination,'® in contrast to frans-elimin-
ation for type II DHQD.'' Therefore, it is of great mechanistic
and evolutionary interest to explore the structures and mechan-
isms of DHQDs and understand how this case arises. This may
further direct the rational design of inhibitors of type I DHQD as
non-toxic antimicrobials, anti-fungals, and herbicides. In the past
twenty years, several studies, including chemical modification,
mutagenesis, peptide mapping, and protein crystallization, have
been conducted on type I DHQD and the results have revealed
some features of its reaction mechanism and enzymatic chem-
istry. It has been proposed that the dehydration of dehydroqui-
nate catalyzed by type I DHQD consists of three reaction stages,
including the Schiff base formation, dehydration process, and
the Schiff base hydrolysis, and the third stage, the hydrolysis of
the Schiff base, might be expected to be the rate-determining
step based on the previously proposed reaction mechanism.'?
The Lysl170 residue is conserved in all the known type I
DHQDs'37 ! and has been identified to form the covalent Schiff
base intermediates with the substrate by both chemical modifi-
cation and peptide mapping studies. The reduction of the inter-
mediates significantly affects the stability of the resulting
enzyme,' '8 which is consistent with the fact that the mutation
of K170A results in a ~10°-fold reduction in catalytic activity.'?
Another important residue is His143 as the mutation of H143A
also results in a ~10°fold reduction in catalytic activity and
several experimental results imply that this residue has a wide
ranging influence on the mechanism of the enzyme.'> The
His143 residue was proposed to catalyze the dehydration process
as a general base and be involved in the formation and hydroly-
sis of the Schiff base intermediates.'? In the latter role, His143
was proposed to be a general acid in the Schiff base formation
and then a general base in its hydrolysis. This postulation is sup-
ported by the recently reported X-ray crystal structures of type I
DHQD with pre- and post-dehydration reaction intermediate
(PDB codes: 3M7W and 3JS3), which show the His143 residue
having a particularly striking reaction state-dependent structural
behavior."” In the pre-dehydration complex, the His143 residue
is proximal to both elements of the catalytic dehydration, where
the N°* atom of the His143 residue is located towards the C-2
atom of the substrate and forms a hydrogen bond with the
1-hydroxyl leaving group. In the post-dehydration complex, the
side chain of the His143 residue is displaced ~1.5 A away from
the site in the pre-dehydration complex to the position that is
adopted in all previously reported apo and post-dehydration reac-
tion intermediate structures.®2°2? However, the detailed reaction
mechanism of the dehydration of dehydroquinate catalyzed
by type I DHQD and the catalytic roles of Lys170 and His143
residues remain unclear.

To understand the fundamental reaction mechanism for the
dehydration of dehydroquinate catalyzed by type I DHQD, we
have carried out several computational studies on type [ DHQD
from S. enterica interacting with dehydroquinate®*2* in compari-
son with available experimental results. According to our com-
putational results, the Schiff base formation consists of four
reaction steps with the energy barrier of ~12.1 kcal mol™",
different from the proposed reaction pathway which has
been verified to have an unfavorable energy barrier of
~30.7 kecal mol™". The His143 residue plays a more complicated
role in this process, in that it deprotonates the Lys170 residue
before the substrate binding and facilitates the formation of the
Schiff base intermediate through mediating two proton transfers
in the reaction. The dehydration process undergoes a two-step
cis-elimination reaction mechanism with an energy barrier of
~6.4 kcal mol™". The proposed carbanion intermediate cannot
be identified because of its low stabilization. During this
process, the His143 residue acts as a general base to accept the
Hg proton from the C, position of the substrate. However, it
should be pointed out that the detailed reaction mechanism of
the hydrolysis of Schiff base intermediate has not been reported
so far, and there have been no complete studies on the overall
dehydration reaction of dehydroquinate catalyzed by type I
DHQD from S. enterica.

In the present study, the fundamental reaction mechanism for
the Schiff base hydrolysis catalyzed by type I DHQD from
S. enterica was investigated by performing MD simulation and
quantum chemical calculations and the catalytic role of His143
during this process was also elucidated. By comparison with our
recent studies on the Schiff base formation and dehydration
process, the rate-determining step for the overall reaction was
identified. On the basis of our results, future efforts aiming at the
design of high activity inhibitors for the enzyme were suggested.

Computational details
Structure preparation

The starting model of the system was based on the crystal struc-
ture of type I DHQD with pre-dehydration Schiff base intermedi-
ate (PDB code 3M7W). In MD simulation performed by
AMBER 9 package,>>° the system was solvated in a rectangular
box of TIP3P water molecules®’ with a minimum solute-wall
distance of 10 A. It was gradually heated from 10 K to 298.15 K
over 50 ps before running ~2 ns MD simulation at 298.15 K.
The time step was set as 2 fs. The SHAKE algorithm®®*° was
used to fix all covalent bonds containing hydrogen atoms. The
particle mesh Ewald (PME) method was used to treat long-range
electrostatic interactions. In the present study, a snapshot close to
the average structure from the MD simulation was used to
prepare the model for quantum chemical calculations.

Quantum chemical calculations

All quantum chemical calculations presented here were per-
formed using the density functional theory (DFT) B3LYP as
implemented in Gaussian 03 program.>® For geometry optimiz-
ation, the 6-31G* basis set was used and the initial geometry
coordinates of the stationary points were set for the geometry
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Scheme 2 The previously proposed reaction pathway (labeled by a) and the currently elucidated reaction pathway (labeled by b) for the Schiff base
hydrolysis catalyzed by type I DHQD. For the product in the proposed reaction pathway, x = 1 and y = 2. For that in the currently elucidated reaction

pathway, x =2 and y = 1.

optimization on the basis of the reaction coordinates involved in
the reaction mechanism shown in Scheme 2. Once the optimiz-
ation was done, a frequency calculation followed to identify the
nature of the stationary point. During the geometry optimiz-
ations, the truncated atoms were fixed to prevent unrealistic
movements of the various groups in the models. This technology
resulted in a few small imaginary frequencies, which can be
ignored because they do not contribute significantly to the
energy. In order to obtain more accurate energy, single-point
calculations based on the optimized geometries were carried out
using B3LYP/6-311+G(2d,2p) level and the zero-point and
thermal corrections were also taken into account. The solvent
effects were calculated at the same level as the geometry optim-
ization by performing single-point calculations on the optimized
geometries using the polarizable continuum model (PCM)
method®' 3 with the dielectric constant of 4, which is suitable
and widely used to mimic the protein environment.>* The com-
putational method, the basis set, and the relative parameters here
have been successfully used to study the enzymatic reaction
mechanism through quantum chemical model and the results are
reasonable and reliable.*>**

Results and discussion
Identification of the nucleophilic water molecule

It was proposed that the Schiff base hydrolysis catalyzed by type
I DHQD was initialized by a water molecule and that it behaves
as a nucleophile, attacking the C; atom involved in the carbon—
nitrogen double bond of the Schiff base intermediate'? as shown
in Scheme 2. This water molecule needs to be close enough to
the C; atom to initiate the nucleophilic attack process. However,
no such water molecule was observed in the initially modeled
structure. It is necessary to identify a nucleophilic water
molecule before quantum chemical calculations. Thus, the MD
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Fig. 1 Key internuclear distances vs. simulation time in MD

simulation.

simulation was performed on the system to identify the water
molecule. A ~2 ns simulation should be adequate in sampling
the water molecule. As shown in Fig. 1, the time-dependent
RMSD curve to track the Co. atoms in the enzyme did not sig-
nificantly change, meaning that the enzyme is very stable during
the simulation. By analyzing the trajectory, we observed a
solvent water molecule located close to the C; atom and His143
residue. It forms a strong hydrogen bond with the N** atom of
the His143 residue. The simulated key distances associated with
this crucial water molecule, including the distance (D1) between
the water oxygen atom and C; atom as well as the distance (D2)
between the H' atom of the water molecule and the N** atom of
the His143 residue, are also shown in Fig. 1 and these key dis-
tances were very stable during the simulation. The average
values of D1 and D2 reveal that this water molecule was in an
appropriate position to attack the C; atom. On the basis of the
structural information above, this water molecule was identified
to be the nucleophile to initiate the hydrolysis process of Schiff
base intermediate.

This journal is © The Royal Society of Chemistry 2012
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Fundamental reaction pathway

On the basis of the selected snapshot from the MD simulation, a
quantum chemical model was constructed and it consists of the
post-dehydration Schiff base intermediate and the side chains of
the other seven active site residues. From this model, the funda-
mental reaction pathway for the Schiff base hydrolysis catalyzed
by type I DHQD has been revealed by performing DFT calcu-
lations and the relative potential energy profile has also been
identified. The results indicate that the hydrolysis reaction con-
sists of three reaction steps (shown in Scheme 2), including the
nucleophilic attack on the C; atom involved in the carbon—
nitrogen double bond of the Schiff base intermediate by water,
the deprotonation of the Hisl43 residue, and finally the
dissociation between the product and Lysl170 of the enzyme.
Evidently, this pathway is different from the previously proposed
one. Below we discuss each step in detail.

Step 1: the nucleophilic attack on the C; atom in the Schiff
base intermediate by a water molecule. The nucleophilic attack
proceeds as the water oxygen atom gradually approaches the C;
atom in the Schiff base intermediate. Meanwhile, the H' proton
in the water molecule gradually moves toward the N* atom of
the His143 residue. The optimized geometries of intermediates
and transition state in this step are shown in Fig. 2. As shown in
Fig. 2, the water molecule is located close to the C3 atom of the
Schiff base intermediate with a distance between the C; atom
and the water oxygen atom of 3.34 A in INT1. Moreover, this
water molecule forms a strong hydrogen bond with the His143
residue, with a distance between the H' atom in water molecule
and the N*? atom of His143 residue of 1.73 A. This is suitable
for the His143 residue to accept the proton from the water mole-
cule as a general base. While the water oxygen atom gradually
approaches the C; atom, through a transition state TS1, the geo-
metry of INT1, in which the C atom is sp> hybridized and is in
a planar geometry with its three bonding atoms, gradually
changes to be an sp® hybridized C; atom with a tetrahedral geo-
metry in INT2. In INT2, the distances between the water
oxygen atom and the Cs atom, or the H' atom are 1.49 and
1.71 A, respectively, showing the finish of both the nucleophilic
attack and the proton transfer from the water molecule to the
His143 residue. The His143 residue is protonated in INT2.

Step 2: the deprotonation of the His143 residue. The deproto-
nation of the Hisl43 residue proceeds as the proton in the
His143 residue gradually transfers to the NZ atom of the Schiff
base intermediate. The optimized geometries of the transition
state and intermediate in this step are shown in Fig. 3. As shown
in Fig. 3, through a transition state of TS2, the H' proton in the
His143 residue has been transferred to the NZ atom of the Schiff
base intermediate and the Hisl43 residue is deprotonated in
INT3 as INT1. Meanwhile, the 3-hydroxyl group gradually
rotates toward the N*2 atom of the His143 residue and a strong
hydrogen bond is formed between them with a distance of
1.67 A in INT3.

Step 3: the dissociation between the product and the Lys170
residue. The dissociation between the product, dehydroshiki-
mate, and the Lys170 residue proceeds as the C—N bond in the
Schiff base intermediate gradually breaks. Meanwhile, the

Fig. 2 The optimized geometries in the first reaction step in the reac-
tion of the wild-type enzyme. The distances are in angstrom. Carbon,
oxygen, nitrogen, and hydrogen atoms are colored in green, red, blue,
and white, respectively. The carbon atoms labeled by an asterisk are
fixed during the optimization. Fig. 3 below is represented in the same
way.

H? proton of the 3-hydroxyl group gradually transfers to the N**
atom of the His143 residue. The optimized geometries of tran-
sition state and intermediate in this step are also shown in Fig. 3.
As shown in Fig. 3, the geometry of INT3, in which the C;
atom is sp> hybridized and is in a tetrahedral geometry, gradually
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Fig. 3 The optimized geometries in the second and third reaction steps in the reaction of the wild-type enzyme.

changes to be a planar geometry with an sp hybridized C5 atom
in P through the transition state TS3. The distance between the
C; atom and the NZ atom of Lys170 is elongated to be 2.88 A in
P, showing the complete breaking of the covalent bond between
the product and Lysl170 residue. In addition, the distance
between the O and H? atoms in the 3-hydroxyl group is also
elongated to be 1.66 A in P, showing the completion of the
proton transfer to the His143 residue from the 3-hydroxyl group.
Finally, the product dehydroshikimate is released.

Energetics

Using the optimized geometries at B3LYP/6-31G* level, we
carried out single-point energy calculations at B3LYP/6-311+G
(2d, 2p) level and the zero-point and thermal corrections for each
stationary points along the reaction pathway to get more accurate
energy, and the solvent effects were evaluated at the same level
as the geometry optimization by performing single-point calcu-
lations on the optimized geometries using the polarizable conti-
nuum model (PCM) method with the dielectric constant of
4. Depicted in Fig. 4 is the energy profile of the hydrolysis of
the Schiff base intermediate. As shown in Fig. 4, INT2 has
higher energy than INT1, and the energy of TS2 is also higher
than that of TS1, showing that the overall energy barrier of
the hydrolysis of the Schiff base intermediate is the energy
difference between TS2 and INT1, which is calculated to be

—_
oo
)

= 20.2

= TS2

(=]

S 5 16.0

=

é 12

> 9

86

5 6

=

=3

PRy

5 INT1 \_~

S 3 P

¢ . . 05
Reaction Coordinate -1.3

Fig. 4 The potential energy profile of the Schiff base hydrolysis cata-
lyzed by type I DHQD. The energies calculated in enzymatic environ-
ment are given in italic type.

~16.0 kcal mol™" in enzymatic environment. By comparing with
the calculated energy barriers for the formation of the Schiff
base intermediate and the dehydration process of 12.1 kcal
mol™" and 6.4 kcal mol™', it can be concluded that the hydroly-
sis of the Schiff base intermediate is the rate-determining step as
it has the highest energy barrier, which confirms the prediction
on the basis of the kinetics study of H143A'? that the hydrolysis
of the Schiff base intermediate is rate-determining. In quantity,
the calculated energy barrier of the rate-determining step of

This journal is © The Royal Society of Chemistry 2012
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16.0 kcal mol™" is in good agreement with the activation free
energy of ~14.3 kcal mol™" derived from the experimental rate
constant (K = 210 s7H)"° by using the conventional transition
state theory (CTST).**¢

Comparison between the two reaction mechanisms

As shown in Scheme 2, the currently elucidated reaction mech-
anism for the hydrolysis of the Schiff base intermediate has the
same first step as the previously proposed one. However, the fol-
lowing steps are different. To better understand the detailed
mechanism, it is interesting to analyze the difference between
them. For the second step in the previously proposed reaction
mechanism, the H” proton in the 3-hydroxyl group is directly
transferred to the NZ atom of the Lys170 residue to facilitate the
dissociation between the product and Lys170 residue. By con-
trast, in the currently elucidated reaction mechanism, the H?
proton in the 3-hydroxyl group is transferred to the His143
residue in the third reaction step after the H' proton transfer from
the His143 residue to the Lys170 residue in the second step. By
checking the optimized geometry of INT2, one can see that the
H? proton, 3-hydroxyl oxygen atom, and the NZ atom in the
Schiff base intermediate are located with an angle between them
of 140.9° and a distance between the H? proton and the NZ atom
of 3.12 A. These conformational features show that the H?
proton is located in an unsuitable position for the direct transfer
to the NZ atom in the Schiff base intermediate and this may
result in a very high energy barrier, like the previously proposed
reaction mechanism for the formation of the Schiff base inter-
mediate in our recent study.>* In the currently elucidated reaction
mechanism, this problem is successfully avoided through the
deprotonation of the His143 residue in the second step. This
process not only protonates the amine group of the Schiff base
intermediate, but also makes the His143 residue be deprotonated
and further accept the proton from the 3-hydroxyl group. Evi-
dently, these two proton transfers are more favorable than the
direct H® proton transfer from the 3-hydroxyl group to the
Lys170 residue.

The role of the catalytic His143 residue

His143 was proposed to play an important role in the reaction
and the H143 A mutation has been reported to have a significant
influence on the Schiff base hydrolysis.'? In order to exactly
explore the catalytic role of the His143 residue, the Schiff base
hydrolysis catalyzed by the H143A mutant has also been studied
by performing MD simulation and quantum chemical calcu-
lations. The result of the MD simulation indicates that no water
molecule can stably locate a suitable position for the nucleophi-
lic attack on the C; atom of the Schiff base intermediate. By
checking the active site of the mutant, one can see that there is
no residue around the Schiff base intermediate to act as a general
base just like the His143 residue does. Without the involvement
of a general base, it should be very hard for a water molecule to
perform nucleophilic attack on the C; atom of the Schiff base
intermediate. A possible nucleophile to initiate the Schiff base
hydrolysis would be hydroxide ion in the solution because of its
stronger nucleophilic property. Thus, the reaction mechanism
of Schiff base hydrolysis of the HI143A mutant initiated by

hydroxide ion was studied by performing quantum chemical cal-
culations. When we tried to optimize the transition state for
nucleophilic attack on the C; atom by hydroxide ion, the
covalent bond between the C; atom and the hydroxide ion
always forms with the bond length of 1.46 A which is the rel-
evant value in INT2y434, €ven though we set the distance
between the C; atom and the hydroxide ion as long as 4.0 A in
the initial coordinate. This process therefore is scanned and the
result shows a barrierless nucleophilic attack. In INT2p434, the
distance between the NZ atom in the Lys170 residue and the
H atom of the 3-hydroxyl group is 2.31 A, suitable for direct
proton transfer. Through TS2p1434 With a four-membered ring
conformation, the covalent bond between the product and the
Lys170 residue breaks. As depicted in Fig. 5 and 6, overall, this

INT3H143A

Fig. 5 The optimized geometries in the second reaction step of the
H143A mutant.
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base hydrolysis catalyzed by the HI43A mutant. The energies calculated
in enzymatic environment are given in italic type.

reaction undergoes a two-step reaction pathway, including the
barrierless nucleophilic attack on the C; atom by hydroxide ion
and the dissociation between the product and the Lys170 residue
through a four-membered ring transition state. The second step is
determined to be the rate-determining step, consistent with the
prediction on the basis of the kinetics result of the H143A
mutant.'> The calculated energy barrier of ~21.9 kcal mol™" in
enzymatic environment is also in good agreement with the acti-
vation free energy of ~24.0 kcal mol™" derived from the experi-
mental rate constant (Ko = 4.5 x 107 s71)!'? by using the
conventional transition state theory (CTST).*>*¢ Both the pre-
vious kinetics results'” and our results presented here clearly
show that the energy barrier increases remarkably without the
catalytic role of His143 residue. Conclusively, both the reaction
mechanism and the kinetics of the Schiff base hydrolysis are sig-
nificantly changed by the H143A mutation and this result further
demonstrates how a single amino-acid mutation on an enzyme
can dramatically change both the reaction mechanism and the
reaction rate.

A careful comparison between the reaction mechanisms of the
Schiff base hydrolysis of wild-type type I DHQD and the
H143A mutant also reveals some important and remarkable roles
of the His143 residue during the reaction, as discussed below.
Firstly, the His143 residue is a crucial factor for stabilizing the
nucleophile water molecule through strong hydrogen bonding
interaction. Secondly, His143 acts as a general base to accept a
proton from the nucleophile water molecule in the first step, and

the nucleophilic attack on the C; atom is therefore facilitated.
Thirdly, through the deprotonation in the second step, the
His143 residue acts as a general base once again to accept the
proton in 3-hydroxyl group in the third step. Therefore, the steric
hindrance caused by the direct proton transfer from the
3-hydroxyl group to the NZ atom in the Lys170 residue is
avoided. Overall, the catalytic role of the His143 residue is more
complicated than the previously proposed one shown in
Scheme 2.

Conclusion

The fundamental reaction mechanism for the hydrolysis of the
Schiff base intermediate has been studied by performing MD
simulations and quantum chemical calculations. The detailed
reaction pathway has been elucidated and it is different from the
previously proposed one. First, a nucleophilic attack on the C;
atom of the Schiff base intermediate is carried out by the water
oxygen atom, and this step is facilitated by the His143 residue as
a general base through a proton transfer from the water molecule
to the N2 atom of the His143 residue. Then, the His143 residue
is deprotonated through a proton transfer to the NZ atom of the
Schiff base intermediate. Finally, the covalent bond between the
product and the Lys170 residue breaks and the Schiff base inter-
mediate is completely hydrolyzed. This process is also facilitated
by the Hisl43 residue through absorbing the proton in
3-hydroxyl group in the Schiff base intermediate. During the
reaction process, His143 residue acts as a general base twice to
facilitate the hydrolysis of the Schiff base intermediate. By com-
parison with our recently reported results on the Schiff base for-
mation and dehydration process, it can be concluded that the
hydrolysis of the Schiff base intermediate is the rate-determining
step in the overall dehydration reaction of dehydroquinate cata-
lyzed by type I DHQD, which confirms the prediction that the
hydrolysis of the Schiff base intermediate is the rate-determining
step. The calculated energy barrier of ~16.0 kcal mol™" is in
good agreement with the experimentally derived activation free
energy of ~14.3 kcal mol™'. The effects on the reaction by
missing the imidazole group of His143 residue have also been
studied and the Schiff base hydrolysis found to be initiated by
hydroxide ion in the solution, rather than water molecule and
both the reaction mechanism and the kinetics are significantly
changed. This provides computational evidence for the important
role of the His143 residue during the reaction.

Like all catalysts, enzymes increase the chemical reaction rate
by stabilizing a high-energy transition state intermediate which
lowers the activation energy of the reaction. Transition state
analogs that mimic this high-affinity intermediate but that do not
undergo the catalyzed chemical reaction can therefore bind much
stronger to an enzyme than simple substrate or product
analogs.*” The theory for tight binding of transition state analogs
has been supported by natural product chemistry and synthetic
states*®*? and has been successfully used to design high-activity
inhibitors.’* 2 Based on the detailed reaction mechanism of the
dehydration of dehydroquinate catalyzed by type I DHQD in the
present study, future efforts aimed at designing high-activity
inhibitors of type I DHQD should focus on the transition state
involved in the rate-determining step, the second step, of the
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Schiff base hydrolysis. This transition state has the highest
energy and the analogs of this transition state may have very
high activity at inhibiting the enzymatic activity. Thus, the new
mechanistic insights in the present study will be very valuable
for the future rational design of inhibitors of type I DHQD as
non-toxic antimicrobials, anti-fungals, and herbicides.
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