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Abstract The Schiff base formation catalyzed by type I

dehydroquinate dehydratase (DHQD) from Salmonella

enterica has been studied by molecular docking, molecular

dynamics simulation, and quantum chemical calculations.

The substrate locates stably a similar position as the Schiff

base intermediate observed in the crystal structure and

forms strong hydrogen bonds with several active site res-

idues. This binding mode is different from that of several

other Schiff base enzymes. Then, the quantum chemical

model has been constructed and the fundamental reaction

pathways have been explored by performing quantum

chemical calculation. The energy barrier of the previously

proposed reaction pathway is calculated to be 30.7 kcal/

mol, which is much higher than the experimental value of

14.3 kcal/mol of the whole dehydration reaction by type I

DHQD from S. enterica. It means that this pathway is not

favorable in energy. Therefore, a new and unexpected

reaction pathway has been investigated with the favor-

able and reasonable energy barrier of 12.1 kcal/mol. The

complicated role of catalytic His143 residue has also been

elucidated that it mediates two proton transfers to facilitate

the reaction. Moreover, the similarity and the difference

between these two reaction pathways have been analyzed

in detail. The new structural and mechanistic insights may

direct the design of the inhibitors of type I dehydroquinate

dehydratase as non-toxic antimicrobials, antifungals, and

herbicides.

Keywords Dehydroquinate dehydratase � Binding mode �
Enzymatic reaction mechanism � Molecular docking �
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1 Introduction

The biosynthetic shikimate pathway is present in bacteria,

fungi, and plants but absent in mammals. Its end product,

chorismate, is a critical precursor of many biologically

important aromatic compounds such as aromatic amino

acid, ubiquinones, vitamin E, and folates [1]. So the

enzymes involved in this pathway are considered as the

potential targets for the design of the high-activity inhibi-

tors as non-toxic antimicrobials, antifungals, and herbi-

cides [2, 3].

The third step in the shikimate pathway, the dehydration

of dehydroquinate to dehydroshikimate, is catalyzed by

dehydroquinate dehydratase (DHQD; EC 4.2.1.10). So far,

two distinct types of DHQDs (termed type I and type II)

have been identified to catalyze the same dehydration

reaction, but they neither share any sequence similarities

nor employ the same mechanism [4–7]. Type I DHQD

undergoes a cis-elimination through a covalent Schiff base

intermediate formed between the highly conserved Lys170
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residue and the substrate. The entire reaction consists of

three processes, the Schiff base formation, the dehydration,

and the Schiff base hydrolysis. In contrast, type II DHQD

undergoes a trans-elimination without the covalent Schiff

base intermediate. Therefore, it is of great mechanistic and

evolutionary interest to explore the structure and mecha-

nism of DHQDs to understand how this situation arises and

further design new inhibitors. The results of several

chemical modification and mutagenesis experiments

clearly suggest that the Schiff base intermediate not only

simply holds the substrate in the active site, but also plays

important catalytic roles in the dehydration process [8, 9].

This suggestion is also supported by the observed confor-

mations in the recently reported crystal structures of type I

DHQD from Salmonella enterica (PDB code: 3M7W and

3NNT) that the substrate adopts the similar position both in

the Schiff base intermediate and in K170 M mutant with

non-covalent complex [10]. However, the reaction mech-

anism of the Schiff base formation is not very clear so far.

First, how does the Schiff base formation occurs?

According to the stereoelectronic principles, it is possible

for the highly conserved Lys170 residue to approach the

3-carbonyl carbon (C3) atom of the substrate at the Bürgi–

Dunitz angle of *107� [11] and form the covalent Schiff

base between them. However, modeling Lys170 to the

crystal structure of K170 M mutant in non-covalent com-

plex shows that the maximal approach angle of the NZ

atom in Lys170, the C3 atom in the substrate, and the

3-carbonyl oxygen (O3) atom in the substrate (NZ–C3–O3)

is 58� [10], which is much less than the Bürgi–Dunitz

angle. Thus, the covalent Schiff base may form either by a

non-Bürgi–Dunitz approach with the substrate in its

observed position or by a Bürgi–Dunitz approach with the

substrate in its unobserved position in the active site. In the

latter case, during the process of the substrate docking into

the active site, the substrate reaches a first binding position

where the Bürgi–Dunitz angle requirement is met and the

covalent Schiff base is formed and then reorganizes its

position to be the observed one in the crystal structure of

type I DHQD from S. enterica with the Schiff base inter-

mediate [10]. In fact, this suggested binding mode is found

in the Schiff base formation catalyzed by several other

enzymes, such as fructose 1,6-bisphosphate aldolase [12],

dihydrodipicolinate synthase [13], and 2-keto-3-deoxy-6-

phosphogluconate aldolase [14]. The crystallographic

studies of these enzymes indicate that the orientation of the

substrate in Schiff base intermediate is rotated *180� in

the active site by comparing with the non-bound substrate.

It is not clear whether this mode is general to all enzymes

that catalyze the Schiff base formation or not. Second, the

catalytic role of His143 is not clear. On the basis of site-

directed mutagenesis, Leech et al. [9] proposed a reaction

pathway (shown in Scheme 1) in which His143 acts as a

general acid to facilitate the protonation of the carbinol-

amine intermediate in the second step. The crystal struc-

ture of K170 M mutant of type I DHQD from S. enterica

in non-covalent complex with dehydroquinate indicates

that the position of His143 is proximal to the O3 atom.

This conformation implies that His143 not only protonates

the O3 atom but also enhances the dipole of the carbonyl

group by drawing away from the C3 atom, which may

facilitate the nucleophilic attack on the C3 atom by

Lys170. It further suggests that His143 may play more

catalytic roles in the Schiff base formation than that in

Scheme 1.

The focus of the present study is the mechanism of the

Schiff base formation by type I DHQD. The multiscale

computational methods, such as molecular docking,

molecular dynamics simulation, and quantum chemical

calculation, were used to explore the binding mode and the

detailed mechanism of the Schiff base formation by type I

DHQD on the basis of the crystal structure of K170 M

mutant of type I DHQD from S. enterica in non-covalent

complex with dehydroquinate (PDB code: 3NNT).

1.1 Computational details

1.1.1 Structure preparation

The initial structure of the substrate is from the crystal

structure of K170 M mutant of type I DHQD from

S. enterica with non-covalent complex with dehydroquinate

(PDB code: 3NNT) [10], and the initial structure of the

wild type enzyme is generated on the basis of the same

crystal structure through replacing Met170 by Lysine. The

ionization states of His143 and Lys170 were set on the

basis of the experimental studies [9, 15–17]. The ionization

states of other ionizable residues were determined on the

basis of the pKa value estimated by PROPKA program

[18–21].

1.1.2 Molecular docking

In order to explore the binding mode of type I DHQD

with the substrate dehydroquinate, the docking program

AUTODOCK 4.2 [22] with the genetic algorithm method

was used to perform the automated molecular docking.

The polar hydrogen atoms of the enzyme were added. The

grid box dimensions were 60 9 60 9 60 Å around the

active site, and the grid spacing was 0.375 Å. The stan-

dard docking protocol for flexible ligand docking con-

sisted of 50 independent runs, using an initial population

of 150 randomly placed individuals, with 2,500,000

energy evaluations, a max number of 27,000 iterations, a

mutation rate of 0.02, a crossover rate of 0.8. After

docking, RMS deviation with the value of 1 Å was used
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for the cluster analysis with the reference to the starting

conformation. Finally, the conformation with the lowest

binding energy in each cluster was considered as the most

trustable solution.

1.1.3 Molecular dynamics simulation

The docking confirmation was selected as the initial

structure of the MD simulation. All missing hydrogen

atoms were added by LEaP module in Amber 9 package

[23, 24]. The system was then solvated in a rectangular box

of TIP3P water molecules [25] with a minimum solute wall

distance of 10 Å. The prepared system was fully energy

minimized followed by the equilibration through gradually

increasing the temperature from 10 to 298.15 K. Then, the

production MD simulation was kept running for *2 ns.

During MD simulation, the time step was set as 2 fs with a

cutoff of 10 Å for non-bond interactions. The shake pro-

cedure [26, 27] was employed to constrain all bonds

involving hydrogen atoms. The MD simulation was per-

formed by the Sander module in Amber9 package [23, 24].

The partial atomic charges for the atoms in the substrate

were calculated by using the RESP protocol implemented

in the Antechamber module in Amber9 package [23, 24]

after electrostatic potential (ESP) calculation at B3LYP/6-

31G* level using Gaussian 03 program [28].

1.1.4 Quantum chemical calculations

All quantum chemical calculations presented here were

performed using the density functional theory B3LYP as

implemented in Gaussian 03 program [28]. For geometry

optimization, the 6-31G* basis set was used. The initial

geometry coordinates were set on the basis of the reaction

coordinate involved in the proposed reaction mechanism

shown in Scheme 1. Once the geometry optimization was

done, the frequency calculation was followed to identify

the nature of the stationary point. During the geometry

optimizations, the truncated atoms were fixed to prevent

unrealistic movements of the various groups in the models.

This technology results in a few small imaginary fre-

quencies, which can be ignored because they do not con-

tribute 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. The solvate effects were calculated at

the same level as the geometry optimization by performing

single-point calculations on the optimized geometries using

the polarizable continuum model method (PCM) [29–31].

Two dielectric constants, 4 and 80, were chosen here to

mimic protein environment [32–34] and the water solution,

respectively. The dielectric constant of 4 has been widely

used to simulate the protein environment because it

Scheme 1 The reaction

mechanisms of Schiff base

formation by type I DHQD. The

previously proposed reaction

pathway is labeled by the red
arrows, and the new one is

labeled by the blue arrows
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typically represents both electronic polarizability and

some internal polarization within the protein, as expected

for side chain and motions responding to charges. The

basis set and the computational method here have

been successfully used to study the enzymatic reaction

mechanism, and the results are reasonable and reliable

[35–39].

2 Results and discussion

2.1 Determination of ionization states

Ionizable residues in proteins, especially in the active sites

of enzymes, play important roles for the ligand–enzyme

interactions. On the basis of pH/log Vmax profiles [15] and

the pKa value from diethyl polycarbonate treatment [16], a

single ionizing group was measured with a pKa value of 6.2

and therefore postulated to be His143 residue. However,

the pH titration indicated that His143 does not ionize over

the pH range of 6–9.5 in the presence and absence of the

binding substrate [17], and so cannot possess the pKa value

of 6.2. Thus, the ionization observed with the pKa value of

6.2 should be associated with a neighboring residue of

His143. The crystal structures of type I DHQD (PDB code:

2EGZ and 2YSW) show that the catalytic histidine residue

forms a hydrogen bond with the catalytic lysine residue,

thus the question arises as to whether this lysine residue

could have the pKa value of 6.2. Normally, the pKa value

of lysine residue is 10.5. If Lys170 has very low pKa value

of 6.2, the enzyme must reduce the normal pKa value of

Lys170 to reach it. It seems very difficult, but it may be

achieved by another positively charged Arg82 residue

nearby, and this case was also observed in acetoacetate

carboxylase [38]. Thus, Lys170 was deprotonated by

donating a proton to His143 with the effect of Arg82 res-

idue, resulting in the protonated His143 and deprotonated

Lys170. This enables the nucleophilic attack on the car-

bonyl carbon atom in the substrate by Lys170 residue.

Furthermore, the K170A mutant does not affect the iso-

electric point of the enzyme [17], meaning that Lys170

residue is likely uncharged. This supports that Lys170 is

deprotonated with the low pKa value of 6.2 and is also in

good agreement with the previously proposed mechanism

[9]. Therefore, the ionization states of His143 and Lys170

were set to be protonated and deprotonated in the current

study, respectively. Furthermore, pH titration clearly indi-

cated that ligand binding does not change the pKa value of

His143 residue [17], which means that His143 residue is

also protonated in the absence of the substrate. Thus, it can

be concluded that the proton transfer between Lys170 and

His143 residues may be driven by ionization equilibration

of the solution before the ligand binding, and this process

may not affect the free energy of activation for the Schiff

base formation.

To determine the ionization states of other ionizable

residues in the active site of type I DHQD, we employed

PROPKA program to estimate the pKa values of these

residues with the initial structure of type I DHQD. As listed

in Table 1, the pKa value of Glu46 was calculated to be 5.5,

which is lower than 7.4 of the pH value in the physiological

condition. This means that Glu46 is in the deprotonated

state. The pKa values of Arg48, Arg82, and Arg213 were

calculated to be 12.1, 13.9, and 9.4, respectively, meaning

that they are in the protonated state. In addition, the pKa

values of His143 and Lys170 residues were calculated and

listed in Table 1, too. It seems that the calculated pKa

values of His143 and Lys170 residues are not consistent

with the determined ionization states of His143 and Lys170

residues discussed above. This case is not surprising

because Lys170 has an unusual ionization state, further

affecting the pKa value of His143 residue. His143 has a low

pKa value of 2.0, indicating that histidine residue has the

uncertainties in the predicted pKa value by the PROPKA

program. The theoretical pKa estimation usually cannot

specialize this kind of case.

2.2 Substrate binding analysis

To address the mechanistic questions related to the Schiff

base formation involved in the dehydration reaction cata-

lyzed by type I DHQD, we investigated the possible

binding modes of the substrate by performing the molec-

ular docking. The docking result indicates that two com-

pletely different clusters (termed a and b, respectively) of

the enzyme–substrate complex, which consists of 35 and

15 independent docking simulation runs, respectively, has

been revealed. The conformations which have the lowest

binding energies in the each cluster of -8.84 and

-7.63 kcal/mol, respectively, are shown in Fig. 1a. In

conformation a, the substrate is locating in the similar

position as that in the crystal structures of the Schiff base

Table 1 The estimated pKa values of the ionizable residues in the

active site by PROPKA program

Standard

pKa value

Estimated pKa value

Without

substrate

With

substrate

His143 6.1 0.9 2.0

Lys170 10.5 7.8 8.5

Glu46 4.5 5.5 4.5

Arg48 12.5 12.1 13.2

Arg82 12.5 13.9 17.2

Arg213 12.5 9.4 9.9

Page 4 of 11 Theor Chem Acc (2012) 131:1204

123



intermediate (3M7W) and the K170 M mutant with the

non-covalent substrate (3NNT) (As shown in Fig. 1b). The

distance between the C3 and NZ atom is 3.04 Å in con-

formation a (not shown in Fig. 1a). In contrast, for con-

formation b, the orientation of the substrate is rotated *90̊

within the active site when compared with confirmation a,

and this makes 3-carbonyl group locating away from

Lys170. The distance between the C3 and NZ atom is

elongated to be 5.89 Å (not shown in Fig. 1a) in confor-

mation b, which is much longer than that in conformation

a. On the basis of the binding energy and the conformation

analysis, it can be reasonably concluded that conforma-

tion b is not suitable for the formation of Schiff base

intermediate and therefore ignored. The enzyme–substrate

interaction analysis shows that the substrate forms strong

hydrogen bonds with several active site residues as shown

in Fig. 1c. These hydrogen bonds play key roles to hold the

substrate and stabilize the enzyme–substrate complex.

Conclusively, conformation a is the only binding mode of

the substrate, and there is no any other possible position for

the substrate to form the covalent Schiff base with the

enzyme. It further means that the formation of the covalent

Schiff base occurs until the substrate reaches the corre-

sponding position in the crystal structure. This conclusion

cannot support the hypothesis described above that the

covalent Schiff base adduct may form before the substrate

reaches its observed position in the crystal structure of the

Schiff base intermediate (3M7W) [10]. This mode is spe-

cial to type I DHQD by compared with several enzymes

mentioned above that generate a similar Schiff base

intermediate.

In order to check whether the states of the ionizable

residues in the active site were affected by the binding of

the substrate, the pKa values of these residues in confor-

mation a were recalculated by performing PROPKA pro-

gram. As shown in Table 1, they are close to those without

the substrate except Arg82 residue. The pKa value of Arg82

was increased to be 17.2 by the substrate docking. Through

the hydrogen bond interaction with the substrate, the

positive charge on Lys170 was stabled and this may

decrease the ionization, resulting in a higher pKa value.

Overall, the ionization states of these residues are not

qualitatively changed by the substrate. Then, the molecular

dynamics simulation was performed on conformation a to

test the stability. A *2-ns simulation should be adequate

in sampling the orientation of the substrate in the active

site. As shown in Fig. 2, the time-dependent RMSD curve

to track the Ca atoms in the enzyme did not significantly

Fig. 1 a The docking conformations a and b of the enzyme–substrate

complexes with the carbon atoms in the substrate in blue and white,

respectively. b The superimposed conformations of the docking

conformation a, and the crystal structure of type I DHQD from

S. enterica in the Schiff base intermediate (PDB code: 3M7W), and

the crystal structure of the K170M mutant of type I DHQD from

S. enterica with non-covalent complex (PDB code: 3NNT). c The

hydrogen bond interactions between the substrate and the active site

residues in conformation a

Fig. 2 The key distances during the MD simulation. The distances

between the NZ atom in Lys170 and the C3 atom in the substrate

(termed D1), and between the O3 atom in the substrate and the He2

atom in His143 (termed D2) are listed in the upper. The angle of the

NZ atom in Lys170, the C3 atom, and the O3 atom in the substrate is

listed in the bottom. The distances are in angstrom, and the angle is in

degree
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change, meaning that the enzyme is very stable and the

conformation of the enzyme did not significantly change

during the simulation. In order to check the stability of

enzyme–substrate complex, the hydrogen bond interactions

between the substrate and the active site residues shown in

Fig. 1b have been analyzed in detail. As listed in Table 2,

the substrate forms very strong hydrogen bonds with the

active site residues, and these distances did not signifi-

cantly change during the simulation. It is evident that the

enzyme–substrate complex is very stable and the substrate

almost keeps in its docking position. In addition, the

average distance between the NZ atom in Lys170 and the

C3 atom in the substrate is *3.3 Å. A strong hydrogen

bond is formed between the O3 atom in the substrate and

the He2 atom in His143 with the average distance of

*1.85 Å. The average angle of NZ–C3–O3 is *75�.

Apparently, this does not meet the requirement of Bürgi–

Dunitz approach. Then, a snapshot whose conformation is

close to the average structure in the simulation was chosen

as the initial conformation for the quantum chemical cal-

culations to explore possible reaction mechanism.

2.3 Fundamental reaction mechanism

On the basis of the selected snapshot from molecular

dynamics simulation, a quantum chemical model was

constructed and it consists of the substrate and the side

chains of eight active site residues. On the basis of this

model, the fundamental reaction mechanisms have been

explored by performing quantum chemical calculations.

The results indicate that the previously proposed reaction

pathway is unfavorable in energy. Thus, an unexpected and

reasonable reaction pathway has been explored. Below we

discuss each of them in detail.

2.3.1 The previously proposed reaction pathway

As shown in Scheme 1, the previously proposed reaction

pathway consists of two reaction steps. The first step is the

nucleophilic attack on the C3 atom by the deprotonated

Lys170 residue with the simultaneous transfer of a proton

from the amide group of Lys170 to the O3 atom in the

substrate. The second step is the C3–O3 bond cleavage and

the simultaneous generation of a water molecule by

accepting a proton from the protonated His143 residue. To

confirm whether this reaction pathway is feasible in

structure and energy, it was tested by performing quantum

chemical calculations and the optimized geometries of all

stationary points are shown in Fig. 3. In the reactant (R),

the distance between the NZ atom in Lys170 and the C3

atom in the substrate is 2.69 Å, and the distance between

the O3 atom in the substrate and the He2 atom in His143 is

1.64 Å. The angle of NZ–C3–O3 is 98.0�, which is much

bigger than that in the molecular dynamics simulation.

While the nucleophilic attack on the C3 atom by the NZ

atom in Lys170, the distance between the NZ atom in

Lys170 and the C3 atom in the substrate is shortened to be

1.49 Å and the angle of NZ–C3–O3 is also reduced to be

91.2� in TS1a. Then, a NZ–C3 single bond is formed

between Lys170 and the substrate with the bond length of

1.46 Å in INTa. A proton in the amide group in Lys170

has been completely transferred to the O3 atom in the

substrate. In addition, the C3–O3 double bond in the sub-

strate is weakened to be a single bond with the bond length

of 1.43 Å in INTa. For the second reaction step, The

C3–O3 bond in the substrate is gradually elongated while

the He2 atom in His143 transfers to the O3 atom in the

substrate. These lead to the break of the C3–O3 bond and

the generation of a water molecule. In the product (P), the

NZ–C3 bond is strengthened to be a double bond with the

distance of 1.29 Å, indicating that the Schiff base inter-

mediate is formed. As shown in Fig. 4, the first step is the

rate-determining step and the calculated energy barrier is

29.4 kcal/mol in the gas phase. The energy barriers in the

protein environment and the water solution were calculated

to be 30.7 and 33.7 kcal/mol. However, both of them are

much higher than the experimental value of 14.3 kcal/mol

estimated from the value of 210 s-1 for kcat of the whole

dehydration reaction by type I DHQD from S. enterica

[10]. This means that this pathway is unfavorable in energy

and cannot reflect the nature of the Schiff base formation.

2.3.2 A new and unexpected reaction pathway

A new and unexpected reaction pathway has been explored

and shown also in Scheme 1. This reaction pathway con-

sists of four reaction steps. The first step is the nucleophilic

attack on C3 atom by Lys170, the second step is the con-

formational reorganization, the third step is the proton

transfer, and the last step is the formation of the Schiff base

intermediate. The optimized geometries of the transition

states and the intermediates are shown in Fig. 5.

Table 2 The average distances of the hydrogen bonds between the

substrate and the active sites residues during MD simulation

Labels Hydrogen bonds Distance (Å)

D3 Arg213–2HH2_OE2–C–C1–substrate 1.84 ± 0.11

D4 Arg213–2HH1_OE1–C–C1–substrate 1.84 ± 0.10

D5 Gln236–2HE2_OE1–C–C1–substrate 1.92 ± 0.17

D6 Ser232–HG_O–C5–substrate 2.32 ± 0.40

D7 Glu46–OE1_HO–C5–substrate 1.73 ± 0.15

D8 Glu46–OE2_HO–C4–substrate 1.64 ± 0.09

D9 Arg48–1HH1_O–C5–substrate 1.95 ± 0.13

D10 Arg82–1HH2_O–C4–substrate 1.93 ± 0.13
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The nucleophilic attack proceeds as the NZ atom in

Lys170 gradually approaches the C3 atom in the substrate.

In the mean time, the He2 proton in His143 gradually

moves toward the O3 atom in the substrate. As the nucle-

ophilic attack by NZ atom in Lys170, the C3 atom is

changed to be sp3-hybridized with a tetrahedral geometry

in INT1b from a planar geometry centering on the

sp2-hybridized C3 atom in R. In INT1b, the length of the

NZ–C3 single bond is 1.56 Å. The He2 proton in His143 has

been transferred to the O3 atom and a single bond forms

between them with the bond length of 1.01 Å in INT1b.

The He2 atom also forms a strong hydrogen bond with the

Ne2 atom in His143 in INT1b. Note that the angle of

NZ–C3–O3 in TS1b is 103.2�, which is very close to Bürgi–

Dunitz approach of *107�. This structural feature suggests

that the Schiff base formation catalyzed by type I DHQD

undergoes the Bürgi–Dunitz approach. In the second step,

3-hydroxyl group gradually rotates toward the 1-hydroxyl

oxygen atom in the substrate and the position of one proton

(HZ) of the amide group in Lys170 is also reorganized to

Fig. 3 The optimized

geometries involved in the

previously proposed reaction

mechanism. 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

asterisk are fixed during the

geometry optimization. Figure 5

is represented using the same

method
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be toward the Ne2 atom in His143. In INT2b, 3-hydroxyl

group forms a hydrogen bond with the 1-hydroxyl oxygen

atom in the substrate with the distance of 1.76 Å. The HZ

atom also forms a strong hydrogen bond with the Ne2 atom

in His143 in INT2b, and the hydrogen bond distance is

1.53 Å. This conformation is suitable for the proton

transfer involved in the next step. In the third step, the HZ

proton is transferred from the NZ atom in Lys170 to the

Ne2 atom in His143, which results in the protonated

His143. The C3–NZ bond is strengthened with the bond

length of 1.49 Å in INT3b, which is shorter than that in

INT2b. The HZ atom also forms a strong hydrogen bond

with O3 atom in the substrate with the distance of 2.35 Å.

In the last step, the break of C3–O3 bond and the He2 proton

transfer from His143 to the O3 atom in the substrate are

involved. While the C3–O3 bond gradually breaks, the bond

of NZ–C3 is gradually strengthened to be a double bond

with the bond length of 1.29 Å, which is shown in Fig. 3.

This confirms the formation of the Schiff base intermedi-

ate. In the same time, the He2 proton in His143 is simul-

taneously transferred to the O3 atom in the substrate,

resulting in the generation of a water molecule.

As shown in Fig. 4, in the gas phase, the overall energy

barrier for the formation of the Schiff base intermediate by

type I DHQD is the energy change from INT2b to TS4b

with the value of 11.3 kcal/mol. However, in the protein

environment and the water solution, the overall energy

barrier is changed to be the energy change from INT3b to

TS4b of 12.1 and 13.6 kcal/mol, respectively. This result

indicates that the solvent effect plays an important role in

the third and fourth steps. Notably, the energy barrier in the

protein environment of 12.1 kcal/mol is considered as the

real energy barrier, and it is lower than the experimental

value (14.3 kcal/mol) for the whole dehydration reaction

by type I DHQD from S. enterica [10] mentioned above.

Thus, this new reaction pathway is reasonable and reliable.

It is very interesting to understand the catalytic role of

His143. In the new reaction pathway, His143 plays more

roles in Schiff base formation than that proposed. In the

reactant, His143 is protonated and forms a strong hydrogen

bond with the substrate. In the first step, His143 acts as a

general acid to donate a proton to the O3 atom in the substrate

when the nucleophilic attack happens. The Mulliken atomic

charges on NZ, C3, O3 atoms are -0.72, 0.43, and -0.68 in

TS1a, and -0.73, 0.51, and -0.64 in TS1b, respectively,

which means that the proton transfer from His143 strength-

ens the dipole of the carbonyl group. This is also supported

by the calculated dipole moments of C3–O3 bond in TS1a

and TS1b through NBO method [40–42] with the value of

2.21 and 3.73 Debye, respectively. This change may facili-

tate the nucleophilic attack of Lys170 on the C3 atom. Then,

the deprotonated His143 accepts a proton from the amide

group in Lys170 as a general base in the third step and further

transfers this proton to the 3-hydroxyl group as a general

acid. Our result about the role of His143 is consistent with the

suggestion mentioned above that His143 may play a catalytic

role in an earlier step in the Schiff base formation.

2.3.3 Comparison of two reaction pathways

Based on the results above, the previously proposed reac-

tion pathway consists of two reaction steps and the first

step is the rate-determining one with the unfavorable

energy barrier, whereas the new reaction pathway explored

here consists of four reaction steps and the fourth step is the

rate-determining one with the reasonable energy barrier.

The similarities of these two reactions are the nucleophilic

attack on the C3 atom by Lys170 and the protons transfer to

the O3 atom from both Lys170 and His143. But the order

and the process of the protons transfer are definitely dif-

ferent in these two reaction pathways. The remarkable

difference is the proton transfer in the first step, and this

affects significantly the overall energy barriers of these two

reaction pathways. By checking carefully the structures of

the stationary points in both reaction pathways, this can be

explained reasonably. The first reason is the ability to

donate a proton of His143 and Lys170. As mentioned

above, His143 is protonated and Lys170 is deprotonated in

R. In the physiological condition with pH value of 7.4, it is

evident that the protonated His143 can more easily donate

a proton than the deprotonated Lys170. The second reason

is the steric hindrance involved in the proton transfer. The

angles of the transferred proton, the O3 atom, and the C3

atom are 79.6� and 124.9� in TS1a and TS1b, respectively.

It means that the proton of His143 is locating a more

suitable position than Lys170 for the proton transfer. In

order to finish the proton transfer, the proton in His143

needs to overcome less steric hindrance to reach the O3

atom than that in Lys170, and this causes a lower energy

Fig. 4 The calculated potential energy profiles of the previously

proposed reaction pathway (colored in blue) and the new reaction

pathway (colored in red). The energies calculated in the gas phase, in

the enzymatic environment, and in the water solution are colored in

black, red, and blue
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barrier. In order to avoid the very high energy barrier

caused by the direct proton transfer from Lys170 to the O3

atom, this process is mediated by His143 in the new

reaction pathway. In the first step, the proton transfer

between Lys170 and the substrate does not happen. Instead,

the protonated His143 donate a proton to the O3 atom and

His143 is in deprotonated state in INT1b. The NZ atom in

Lys170 possesses a positive charge when forming a single

bond with the substrate in INT1b, and this strengthens the

ability of the NZ atom to donate a proton. After the con-

formational reorganization and the proton transfer

processes with low energy barriers, one proton is trans-

ferred to His143 from the NZ atom in Lys170 and His143

is protonated again. This makes the proton locating a

suitable position and facilitates the proton transfer to the O3

atom in the fourth step with a reasonable energy barrier.

3 Conclusion

The multiscale theoretical calculations have been per-

formed to study the reaction mechanism of the Schiff base

Fig. 5 The optimized geometries of transition states and intermediates involved in the new reaction pathway
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formation involved in the dehydration reaction catalyzed

by type I DHQD from S. enterica. Firstly, the substrate

binding analysis using molecular docking and MD simu-

lation indicates that only one binding position of the sub-

strate is suitable for the reaction, and it is very similar to

the observed position in the crystal structures of type I

DHQD with covalent Schiff base intermediate. This further

means that the formation of the Schiff base intermediate

cannot occur before the substrate reaches the position

observed in the crystal structures. This conclusion negates

the previous suggestion which was observed in other Schiff

base enzymes that the covalent Schiff base intermediate

may form before the substrate reaches its observed position

in the crystal structures. Secondly, the fundamental reac-

tion mechanism of Schiff base intermediate formation has

been explored by quantum mechanics method. The previ-

ously proposed reaction pathway has been tested, and the

calculated overall energy barrier is much higher than the

experimental value of 14.3 kcal/mol estimated from the

value of 210 s-1 for kcat of the whole dehydration reaction

by type I DHQD from S. enterica. This result reveals that

this reaction pathway is unfavorable in energy. Thus, a new

and unexpected reaction pathway has been explored and

elucidated in detail. It consists of four reaction steps. The

calculated overall energy barrier of 12.1 kcal/mol is lower

than the experimental value of 14.3 kcal/mol of the whole

dehydration reaction, meaning that this pathway is rea-

sonable. The catalytic role of His143 has been studied. It

mediates two proton transfers and decreases significantly

the overall energy barrier. In addition, by comparing with

the new reaction pathway, we suggest that the higher

energy barrier in the previously proposed reaction pathway

is caused by the ability of the proton donor and the steric

hindrance in the first step.

The structural and mechanistic insights presented here

into the formation of Schiff base by type I DHQD can

reasonably explain the known experimental phenomena

and may direct the rational design of the new inhibitors of

type I DHQD as non-toxic antimicrobials, antifungals, and

herbicides.
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