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Dehydratase (DH), a domain in polyketide synthase (PKS) modules, can catalyze the dehydration of

β-hydroxy to an α,β-unsaturated acyl intermediate. As the first dual-function (dehydratase/isomerase) DH

domain accessible in the PDB database, the gephyronic acid (GphF) DH1 domain from the PKS biosynthetic

pathway attracts great attention from researchers. However, the mechanisms of dehydration and

isomerization in type I PKS still remain unclear. In this study, MD simulations and QM/MM calculations were

combined to elucidate the molecular mechanism of GphF DH1. The results indicated that GphF DH1 had

better recognition effect towards the (2R,3R)-substrate and preferred forming the α–β double bond in

advance to the β–γ double bond directly. By calculating the binding energy, some key residues near the

active pocket were highlighted. Umbrella sampling results showed that non-methylated substrates could

form intra-molecular hydrogen bonds more easily than α-methyl substrates. The QM/MM calculations with

the M062X/6-311+G**//M062X/6-31G* method and SMD solvation correction supported the one-base

dehydration and one-base isomerization mechanism with energy barriers of 27.0 kcal mol−1 and 17.2 kcal

mol−1, respectively. These results can encourage future studies for the comprehensive understanding of

the catalytic mechanism of PKS DHs and for the rational design of typical DHs.

Introduction

Polyketide synthases (PKSs) deploy a modular biosynthetic
strategy to produce diverse bioactive molecules, most of
which have important medicinal applications such as
antibiotics, anti-cancer agents, and immunosuppressants.1–4

To assemble an intact polyketide chain, PKS modules
minimally include an acyltransferase (AT) responsible for
loading a specific chain extension unit, an acyl carrier protein
(ACP) with a growing polyketide chain covalently tethered,
and a ketosynthase (KS) that catalyzes the chain elongation
reaction. Additionally, variable combinations of other
domains, such as ketoreductase (KR), dehydratase (DH), enoyl
reductase (ER), and methyltransferase (MT), can decorate the
polyketide chain to expand the product pool.

One or more DH domains are organized in PKSs,
responsible for the dehydration of β-hydroxy to an α,β-
unsaturated acyl intermediate. Besides the typical
dehydration function, several DH domains have additional
catalytic activities such as double-bond isomerization,5 pyran
formation6,7 and methyl group epimerization.8 These special
functions set the stage for greater chemical diversities in
products. In addition, compounds with either α–β double
bonds or β–γ double bonds are very common in polyketides,
such as rhizoxin9 and bacillaene.10 Therefore, DHs are
notable for their catalytic activities in polyketide biosynthesis.

As the literature states, PKS DH domains display
characteristic α + β double hotdog folds with a largely
hydrophobic substrate binding pocket, in which an
universally conserved dyad of His–Asp/Glu residues is
positioned.11–13 Inspired largely by the observed spatial
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relationship between the substrate and the His–Asp/Glu
dyads, a base–acid dehydration mechanism has been
generally accepted.13–15 It is thought that His serves as the
general base to remove the α-H of the substrate, and Asp or
Glu can act as the general acid to protonate the β-hydroxyl,
thus promoting the elimination of a water molecule. This
mechanism was clarified by QM/MM calculations in 2018.16

However, in 2019, the study by Cane et al. supported a
simple one-base mechanism that only the His residue acted
as the base to promote the elimination of a water molecule
at the conserved active site.17

In 2018, the crystal structures of the first dual-function
(dehydratase/isomerase) gephyronic acid DH domain (GphF
DH1) from the PKS biosynthetic pathway were reported,18

making it possible to explore the atomic mechanisms of DH
for dehydration and isomerization. What's more, the GphF
DH1 reactivity with NAC-linked thioesters of all predicted
natural diastereomers (four potential α-methyl-β-hydroxy
substrates) was detected by LC-MS analysis, and the (2R,3R)-
substrate was predicted to be the natural substrate for GphF
DH1. Meanwhile, GphF DH1 showed tolerance to methylated
and non-methylated substrates (Fig. 1A). It was proposed that
dehydration took place firstly and then isomerization, as
shown in Fig. 1B. However, why does GphF DH1 have
tolerance to different diastereomers and analogs? What are
the molecular mechanisms of dehydration and
isomerization? These questions remain unanswered.

In this study, high-resolution models of the GphF DH1
domain with different substrates were employed to explore
the substrate recognition and catalytic mechanism by
combining MD simulations and QM/MM calculations. The
conformational characteristics that facilitate the formation of
α–β and β–γ double bonds were investigated. Binding free
energies were calculated to find out key residues that played
a critical role in substrate recognition. And umbrella
sampling was utilized to detect the intra-molecular hydrogen
bond in α-methyl and non-methylated substrates. Finally,
QM/MM calculations were carried out to support the one-
base dehydration and one-base isomerization mechanism.

Our study provides detailed mechanistic insights into this
unique dual-function dehydratase GphF DH1.

Materials and methods
Setup of systems

In 2018, Smith et al. reported three crystal structures of GphF
DH1 (PDB number: 6mbf, 6mbh and 6mbg).18 Since there were
more missing structures in the wild type (PDB number: 6mbf)
and the P1711L mutation had no effect on the activity of this
enzyme, mutant P1711L (PDB number: 6mbg) was chosen as
the initial structure and the missing six residues (SKAALL) in
the C-terminal were modelled from the structure (PDB number:
6mbg) by using PyMOL software. The protonation states of the
titratable residues (such as His, Glu, and Asp) in GphF DH1
were determined (pH: 7.5, force field: Amber) using the
PDB2PQR web server.19 Although the pKa of Asp1898 in the
catalytic dyad was 6.92, considering that Asp1898 would form
water with β-hydroxyl in the catalytic reaction, it was defined as
Ash, and the rest of the Asp had a negative charge. The pKa of
Glu1750 was 8.93, defined as Glh. For histidine, residues
defined as Hie were: 1703, 1801, 1876, 1893 1914, 1939, 1943,
1954 and residues defined as Hid included 1735, 1817, 1865,
1911, 1950. Next, molecular docking was performed by utilizing
the LibDock module in Discovery Studio 3.5. For substrates 2,
3, 4, 5 and 9, the conformations with a high score and
substrate's orientation consistent with the crystal structure
(PDB number: 5tz6 (ref. 20)) were selected. For sub10, the
conformation with the highest score was selected as the initial
structure. For the preparation of substrate parameters, after the
optimization at the level of pm3 (ref. 21) and HF/6-31G(d),22

the electrostatic surface potential (EPS) was calculated. A two-
step restrained electrostatic potential (RESP)23 charge fitting
method was applied to generate the bonds, angles, dihedral
angles, and van der Waals radii parameters for the substrate
using the Antechamber package. Through tleap, the system
was solvated in an octahedral box of TIP3P water. Due to the
whole system being electrically neutral, there was no need to
add chlorine or sodium ions to balance the simulation system.

Fig. 1 (A) Chemical structures of substrates reported in ref. 18. (B) Process of dehydration and isomerization catalyzed by GphF DH1.
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Molecular dynamics simulations

Classical MD simulations were carried out on the prepared
structures of six systems utilizing the AMBER14 (ref. 24)
program suite with ff03.r1 force field. In the MD simulations,
the particle mesh Ewald (PME)25 method was employed for
long-range electrostatic interactions, the SHAKE algorithm26

was used to fix bonds and angles involving hydrogen atoms,
and the non-bonded cutoff was set to 10.0 Å. To remove
atomic collisions, a two-step energy minimization was
performed, first for the water molecules, and then the rest of
the overall system. After that, the system was gradually
heated from 0 K to 300 K in 50 ps. Next, the system was
switched to constant pressure and temperature (NPT), and
equilibrated for 50 ps to adjust the system to the correct
density. After an additional 1 ns of NPT simulation,
constraints of d(OD1898–O1) and d(NεH1735–Hα) or d(OD1898–

O1) and d(NεH1735–Hγ) were added by using a harmonic
vibrational potential with a force constant of 20 kcal mol−1

Å−2 at 3 Å and 1.8 Å, respectively, as shown in Fig. 2. Then
the constraints were removed, and the systems were re-
equilibrated with the same procedure. Finally, taking the
equilibrated structure as the initial structure, 50 ns
trajectories were collected three times for further analysis.

Umbrella sampling

In sub2 and sub9 systems, umbrella sampling was used
to enhance sampling. To ensure the pre-reaction state
conformations, two additional forces were applied to substrates
to constrain the distances d(OD1898–O1) and d(Nε1735–Hα/Hγ).
The distance of the H atom and O2 atom was defined as a
reaction coordinate and scanned closer, taking 0.03 Å as the
step length from 4.5 Å to 1.8 Å by adding a harmonic force
constant of 200 kcal mol−1 Å−2 to it. 0.1 ns MD simulations were
carried out in each bin, for a total of 9 ns MD simulations. Then
the potential of mean force (PMF) of the systems was computed
via the weighted histogram analysis method (WHAM).27

Binding free energy calculations using MM-GBSA and MM-PBSA

The molecular mechanics generalized Born surface area
(MM-GBSA) method and molecular mechanics Poisson–
Boltzmann surface area (MM-PBSA) method were used to
calculate the binding free energy between substrates and the

DH enzyme with a python program MMPBSA.py.28 The last
40 ns frames of each trajectory were extracted to calculate the
binding free energy according to the following equation:

ΔGbind = Gcomplex − (Gprotein + Gligand)

Here, Gcomplex, Gprotein and Gligand represent the free energy
of the protein–ligand complex, protein and ligand, respectively.

After the completion of MM-GBSA and MM-PBSA
calculations, the calculated free energy was decomposed into
specific residue contributions to identify crucial amino acid
residues that play an important role in the interaction
between substrates and GphF DH1.

QM/MM calculations of reaction profiles

In this study, QM/MM calculations with two models were
performed by using a two-layered ONIOM method29,30

implemented in the Gaussian 09 program.31 Two
mechanisms were proposed for the dehydration. Path1, it is
initiated by the deprotonation of the α-carbon in the
substrate, concomitantly with β-elimination of the β-hydroxyl.
Path2, the elimination of the β-hydroxyl takes place firstly,
and then the deprotonation proceeds. Herein, the large
model was used to obtain an approximate structure of the
transition state for Path1, and then the small model was used
to calculate the accurate transition state and perform
intrinsic reaction coordinate calculations (Fig. S1†). For the
large model, the conformation was extracted with a 4.5 Å
external water layer, which was close to the average of the
most dominant cluster obtained from MD trajectories and
contained the whole enzyme. The QM region included the
side chain of His1735, Tyr1856, Asp1898 and Gln1902, the
full residues of Leu1744 and Gly1745, the carbonyl group of
Val1743, and a stable water molecule. The atom number in
the QM region was 113, and the atom number of the whole
system is 9293 in total. The small model was truncated from
the large model, consisting of the substrate and the residues
within 4.5 Å of the substrate, 30 residues and 10 water
molecules near the catalytic center. The QM region consisted
of the side chain of His1735 and Asp1898, and a stable water
molecule. The whole atom number in the small model was
539. In addition, the backbone of all residues was frozen to
maintain the real protein architecture. What's more, three
replicas of the small model were chosen to improve the
accuracy of the energy profile. It should be noted that for
Path2 the energy barrier is much higher for the elimination
of β-hydroxyl in the large model, meaning the dehydration
reaction could not proceed via Path2, so accurate and time-
consuming small model calculations are not necessary, which
focuses on the precise search of the transition state and
calculations of intrinsic reaction coordinates.

For isomerization calculations, the re-equilibrated
structure was extracted to carry out QM/MM calculations in
the sub10 system. The small model included 30 residues, 5
water molecules and sub10, 589 atoms in total. The QM

Fig. 2 Substrate and key residues with constraint distances in
computational models.

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 S

ha
ng

ha
i J

ia
ot

on
g 

U
ni

ve
rs

ity
 o

n 
2/

26
/2

02
2 

5:
55

:5
1 

A
M

. 
View Article Online

https://doi.org/10.1039/d0cy01776k


2158 | Catal. Sci. Technol., 2021, 11, 2155–2166 This journal is © The Royal Society of Chemistry 2021

region contained the side chain of His1735, Tyr1856,
Asp1898, Gln1902, the whole residues Leu1744, Gly1745 and
the carbonyl group of Val1743, 107 atoms in total in both
small model and large model QM/MM calculations. Similarly,
the large model was used to obtain an approximate structure
of the transition state and the small model was used to
obtain the accurate transition state and other stable states.

Single point optimization, linear scanning, transition
state optimization and characterization of critical points
by frequency, and intrinsic reaction coordinate (IRC)
calculations were carried out at the ONIOM (M062X32/6-
31G*:33 Amber) level. These TSs were confirmed by
vibrational frequency calculations, resulting in a single
imaginary frequency with the correct transition vectors
assigned. Finally, in order to improve the accuracy of the
calculations, single-point energy calculations were
performed on the optimized structures using a larger
basis set and solvation model based on density (SMD)34

solvation correction.

Results and discussion
Substrate specificity of GphF DH1

PKS DHs generally have strictly chiral selectivity on
substrates. For example, RifDH10 catalyzes the stereospecific
syn dehydration of the model substrate (2S,3S)-2-methyl-3-
hydroxypentanoyl-RifACP10, but does not dehydrate any of
the other three diastereomers.11

To explain the stereospecificity of GphF DH1, four
models with different chiral substrate candidates (sub2,
sub3, sub4, sub5) were constructed. Based on the results of
molecular docking, the distances of O1–OD1898, which
represents the protonation of the β-hydroxyl oxygen and the
elimination of a water molecule, were restrained to 3.0 Å.
Also, the distances between the Hα and the Nε of H1735
were constrained to 1.8 Å, indicating the removal of Hα

from the substrate. Then these restrains were removed and
50 ns MD simulations were performed three times in each
system. The RMSD values indicated that the four systems
reached the equilibrium (Fig. S2†).

According to our previous studies,35,36 analyses of
conformations obtained from MD simulations with key
reaction coordinates, especially the pre-reaction state (PRS),
can be used to evaluate the recognition and interaction
between the substrate and the enzyme. Here the distances
d(NεH1735–Hα) and d(O1–OD1898) were chosen and analyzed. As
shown in Fig. 3A, the population of the two distances was
concentrated in the sub2 system. The average of d(O1–OD1898)
was 2.7 Å and that of d(NεH1735–Hα) was 2.9 Å (Fig. 3B). These
conformations demonstrated that the O1 atom could form
stable hydrogen bond interaction with D1898 and the Hα

atom was very close to the Nε atom, which could facilitate the
dehydration of GphF DH1. However, in other systems, either
d(O1–OD1898) or d(NεH1735–Hα) was unsatisfactory. For
example, the average of d(NεH1735–Hα) was observed to be 4.4
Å in the sub3 system, much larger than that in the sub2
system. For the sub4 system, a proper d(NεH1735–Hα) was

Fig. 3 (A) The distribution of two key distances d(O1–OD1898) and d(NεH1735–Hα) in four systems (sub2, sub3, sub4, sub5); (B) the four representative
structures from their dominant clusters obtained from MD simulations.
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obtained as 2.9 Å, while the improper d(O1–OD1898) was
observed at 4.7 Å. In the sub5 system, d(NεH1735–Hα) even
increased to 5.2 Å. Nearly zero proportion of the PRS was
noticed in the sub5 system, which was well consistent with
the experimental result that GphF DH1 cannot catalyze the
dehydration reaction in the sub5 system.18 To sum up, the
largest proportion of the PRS in the sub2 system shows the
great substrate specificity of the enzyme, indicating that the
natural substrate of GphF DH1 is likely the (2R,3R)-substrate.
This is consistent with experimental observations.18

α–β double bond and β–γ double bond

According to previous studies, two possible mechanisms can
be used to explain the formation of a β–γ double bond: (1)
enzymes directly catalyze the formation of a β–γ double bond;
(2) enzymes catalyze the formation of an α–β double bond
firstly, and then isomerize it to a β–γ double bond. To clarify

the mechanism of β–γ double bond formation in GphF DH1,
we constructed two models with the favorable substrate of
GphF DH1 as sub2-A and sub2-B. With the same strategy
mentioned above, the distances of O1–OD1898 were
constrained to 3.0 Å, and the distances of Nε–Hα or Nε–sHγ

were constrained to 1.8 Å, indicating the removal of Hα or Hγ

from sub2. After equilibration, the constrains were revoked
and 50 ns MD simulations were performed three times in
both systems.

According to the RMSD values shown in Fig. S3,† two
systems achieved their equilibrium quickly. Although a stable
hydrogen bond (O1–H⋯OD1898) could be observed in both
systems, there were some differences in the distribution of
d(O1–OD1898). As shown in Fig. 4A, the average distance in the
sub2-A model was 2.7 Å, but it enlarged to 3.2 Å in the sub2-
B model, suggesting the stronger interaction between the
β-hydroxyl oxygen of sub2 and D1898 of GphF DH1 in the
sub2-A model. Then, we evaluated the proton transfer by

Fig. 4 Comparison of the sub2-A model and sub2-B model. (A) The distribution of d(O1–OD1898) in two models; (B) the distributions of d(NεH1735–

Hα/Hγ) and angle (Cα–Hα–NεH1735/Cγ–Hγ–NεH1735) in two models; (C) the most representative structures of two models in MD simulations.
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measuring the distance of NεH1735–Hα/Hγ and the angle of
Cα/Cγ–Hα/Hγ–NεH1735 (Fig. 4B). It can be seen that the
distances of NεH1735–Hα/Hγ were similar, the mean was 2.9 Å
in model sub2-A and 3.1 Å in the sub2-B model, meaning the
slight advantage in transfer of Hα in the sub2-A model. More
importantly, the average angle of Cα–Hα–NεH1735 (135°) in the
sub2-A model was more favorable for the proton transfer
than that (Cγ–Hγ–NεH1735 is 104°) in the sub2-B model.

A similar phenomenon was also observed in sub9-A and
sub9-B models. As shown in Fig. S4,† the distributions of
d(O1–OD1898) and d(NεH1735–Hα/Hγ) indicated the superiority
of α–β double bond formation (sub9-A). Moreover, three
frames, obtained from sub9-A and sub9-B, respectively, were
used to calculate the reaction energy profile by the QM/MM
method. It was found that the energy barriers of the first step
were quite different in these two pathways. As shown in Fig.
S5,† the energy barrier of transferring Hγ to NεH1735 (more
than 40 kcal mol−1) was obviously higher than that of
transferring Hα to NεH1735 (less than 15 kcal mol−1).

Taken together, besides the superiority of the stable
hydrogen bond between O1 and OD1898, a closer distance of
NεH1735–Hα, a proper angle of Cα–Hα–NεH1735, and the lower
energy barrier of transferring Hα to NεH1735 made it easier
for GphF DH1 to form an α–β double bond than a β–γ

double bond.

Key residues near the active pocket

MM-GBSA and MM-PBSA methods were utilized to evaluate
the binding energies of four systems. As shown in Table 1,
the binding energy in the sub3 system was found to be the
lowest. The average energy was −35.6 kcal mol−1 in MM-GBSA
and −29.5 kcal mol−1 in MM-PBSA, suggesting that GphF
DH1 had stronger affinity to sub3 than other substrates.
However, the close interaction with GphF DH1 did not
improve the dehydration of sub3, because most
conformations were not conducive to transferring proton Hα

with the inappropriate distance of NεH1735–Hα, which was
generally larger than 4.0 Å in MD simulations.

To uncover the origin of affinity and the role of key
residues in recognition and catalysis, the energy contribution
of individual amino acids was calculated in each system.
Thirteen amino acids were obtained near the active pocket
(energy contributions ≥0.5 kcal mol−1) and they all were
supposed to play important roles in the recognition and
catalysis process (Fig. 5A).

Firstly, as the catalytic dyad, the function of His1735 and
Asp1898 in the catalytic process is crucial, although in EI,
sometimes, only His acts as the catalytic base, and Asp is
usually replaced with Asn37 (Fig. 5B).

Secondly, Val1742, replaced by L51 in EyrDH4,13 promotes
the binding of all substrates in our systems, in which the
carbonyl of the Val1742 backbone can form hydrogen bonds
with the key residue His1735, thus contributing to
α-deprotonation.

Thirdly, in most DHs, the position of L1744 in a loop
region is occupied by Pro, which bears a small side chain. In
GphF DH1 and EI, the residue usually is Leu or Val, which
restricts the pocket and adjusts the substrate with its large
side chain group.

Fourthly, three relatively conserved amino acids Gly1745,
Val1746, and Thr1747 were observed. They are located at the α

helix and Gly1745 can stabilize the substrate conformation by
forming a hydrogen bond with the O2 atom of the substrate
(Fig. S6†). Previous experiments indicated that the absence of
the hydrogen bond between the substrate and Gly888 in the
mammalian DH (corresponding to Gly1745) resulted in
unfavorable α-deprotonation.16 Besides, it should be noted that
Val1746 is beneficial for binding with sub3, but against sub2,
owing to a hydrogen bond between the O3 atom and N atom of
Val1746's main chain in the sub3 system (Fig. S7†).

Fifthly, the mutation experiment of Phe3746 in PIK
DH2 corresponding to Tyr1856 in GphF DH1 has proved
that Tyr1856 can affect the binding of substrates,38 while
the mutation of Y1856F can affect the isomerization
reaction of substrates.18

Finally, residues 1918–1921, as well as Phe1905, are five
large hydrophobic amino acids that reside in the active
pocket and provide a relatively hydrophobic environment for
substrates (Fig. 4B and S8†). These results highlighted the
key residues near the active pocket, which might dramatically
influence the substrate recognition and the catalytic activity
of GphF DH1.

Effect of α-methyl in sub2

Some modules harbor an integrated S-adenosylmethionine
(SAM)-dependent C-methyltransferase (C-MT) domain that
can install 2-methyl groups. 98% trans-AT PKSs harbor one to
ten C-MTs, while embedded C-MTs are considerably less
common in cis-AT PKS systems, with 5% harboring one or
two C-MTs.39 Interestingly, among cis-AT PKS systems, only
gephyronic acid synthase contains as many as seven C-MTs.40

Experimental results showed that GphF DH1 could catalyze
α-methyl sub2 and non-methylated sub9 to produce

Table 1 The binding energy calculated by MM-GBSA and MM-PBSA
methods in four systems

Complex
MMGBSA
(kcal mol−1) Average

Std.
err. of
mean

MMPBSA
(kcal mol−1) Average

Std.
err. of
mean

sub2 −30.3 −30.2 0.9 −24.2 −21.9 1.3
−32.0 −23.9
−28.7 −20.1

sub3 −35.4 −35.6 0.1 −29.0 −29.5 0.2
−35.6 −29.7
−35.6 −29.7

sub4 −28.1 −30.5 1.3 −16.8 −18.7 1.6
−31.2 −17.6
−32.3 −21.8

sub5 −29.7 −31.0 0.7 −20.4 −21.3 1.0
−31.9 −20.3
−31.4 −23.3
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dehydration products and isomeric products, which indicated
that bifunctional GphF DH1 was tolerant to methyl and non-
methylated substrates.18

In order to explain the function of α-methyl during the
dehydration reaction, the comparison of sub2 and sub9
systems was performed. RMSD values (Fig. S9†) showed that

Fig. 5 (A) Energy decomposition of residues; (B) position of some key residues. The left is an overview of the whole structure. The middle shows
the positions of key residues in an α helix, catalytic dyad colored pink, and Val1742, Leu1744, and Tyr1856 colored blue. The right shows five large
hydrophobic residues in the active pocket colored green.

Fig. 6 (A) The distribution of two key distances d(O1–OD1898) and d(NεH1735–Hα) in the sub9 system; (B) structures of sub2 and sub9 in the GphF
DH1 pocket; (C) the distribution of distance d(O1–O2) in substrates; (D) the potential of mean force (PMF) of sub2 and sub9 systems obtained by
umbrella sampling.
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the sub9 system reached its equilibrium. According to
Fig. 6A, the distribution of key distances d(O1–OD1898) and
d(NεH1735–Hα) in the sub9 system was dense, leading to a
similar ratio of PRS to the sub2 system in Fig. 3A. Thus, we
proposed that GphF DH1 had no significant differences in
recognition and catalysis of these two substrates. By
analyzing the structural feature of sub2 and sub9 systems
(Fig. 6B and C), it was found that there was an intra-
molecular hydrogen bond in sub9, where the average of
d(O1–O2) was 3.1 Å, while owing to the large 2-methyl group
in sub2, it was difficult to form a similar intra-molecular
hydrogen bond, where the average of d(O1–O2) was 4.2 Å. By
umbrella sampling (Fig. 6D), we found that it needed to
overcome at least 4.0 kcal mol−1 energy barrier to form an
intra-molecular hydrogen bond for sub2, while the PMF was
gentle in the sub9 system and the conformations with the
intra-molecular hydrogen bond were favorable in energy. In
conclusion, the α-methyl group plays an important role in
adjusting the conformation of substrates in the GphF DH1
active pocket.

The mechanism of dehydration

A general mechanism has been put forward that the
dehydration is initiated by the deprotonation of the α-carbon
of the substrate, concomitantly with β-elimination of the
β-hydroxyl, as shown in Fig. 7A Path1. In 2018, QM/MM
calculations of dehydratase domains from the mammalian

fatty acid synthase proved this proposal.16 But according to
the knowledge of organic chemistry, carbenium ions have
been regarded as intermediates of the catalytic reactions on
zeolites,41,42 which means the elimination of the β-hydroxyl
firstly, and then the deprotonation proceeds, as shown in
Fig. 7A Path2. The two mechanisms are mainly different in
the sequence of the removal of the Hα atom and the hydroxyl
group. Although they both seem reasonable, we prefer the
Path1 mechanism because of the lower energy barrier
obtained by QM/MM calculations than that of Path2 in the
GphF DH1 system.

To uncover the molecular mechanism of GphF DH1, small
model QM/MM calculations and large model QM/MM
calculations were carried out on GphF DH1. Based on the
study that the intra-molecular hydrogen bond contributes to
the decrease of the energy barrier of dehydration,16 the sub9
system was chosen to investigate the mechanism of GphF
DH1 via QM/MM calculations. To improve the calculation
accuracy, three replicas of small model QM/MM calculations
were utilized at the ONIOM (M062X/6-31G*: Amber) level and
single point calculations were performed at the ONIOM
(M062X/6-311+G**: Amber) level with SMD solvation
correction. The energy profile of the reaction mechanism was
obtained by averaging three replicas. For the first step, the
elimination of Hα to form an enol intermediate, 17.7 kcal
mol−1 energy barrier was required, as shown in Fig. 7B. In
the representative structure from three replicas, the first
transition state (TS1) was observed when the distance of Hα–

Fig. 7 (A) Two possible dehydration pathways; (B) representative optimized structures of transition states (TS1 and TS2) and the intermediate (IM)
with the average energy profile of three replicas for Path1 calculated by small model QM/MM calculations.
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NεH1735 was located at 1.08 Å and that of Hα–Cα was located
at 1.82 Å (Table S1†). The imaginary frequency was 133.03i
cm−1, and it was characterized by an antisymmetric
stretching of Cα–Hα and Hα–Nε bonds. Although the distance
between the hydrogen atom (Hα) and the nitrogen of His1735
(Nε) changed little (from 1.08 to 1.06 Å), the distances of Cα–

Nε and O2–Nε changed obviously (2.85 and 3.01 Å in TS1 and
3.11 and 2.70 Å in IM, Fig. S10†), which means His1735
moved away from substrate Cα to approach substrate O2

along with the proton transfer. After enol rearrangement,
β-hydroxyl elimination took place, and a water molecule was
generated with a reaction energy barrier of 13.1 kcal mol−1.
The vibrational analysis was performed on the structure of
TS2 in a similar way, and an imaginary frequency of 271.16i
cm−1 was observed, which corresponds to the stretching of
Cβ⋯O1H and Hα⋯O1H, indicating the formation of a water
molecule. In TS2, the distance of Cβ–O1 was located at 1.74 Å
and the distance of O1–Hα was located at 1.02 Å. The whole
energy barrier of the dehydration through enol intermediate
was calculated to be 27.0 kcal mol−1. We found that the
energy barriers of β-hydroxyl elimination, as the rate-
determining step, were 22.2, 21.2 and 23.5 kcal mol−1 in QM
calculations, much lower than 27.0 kcal mol−1 in ONIOM
calculations, indicating the large influence of the MM
environment (Table S2†). Besides, considering its low
catalytic efficiency (only 28% conversion to the α–β double
bond intermediate), we think the relatively high energy
barrier is basically consistent with the experiments.

As mentioned in the study by Smith et al.,18 in FAS DH
the His878-imidazole acts as a base to deprotonate the Cα of
the β-hydroxyacyl (HAC) substrate and the β-elimination of
the β-hydroxyl of HAC proceeds with late protonation of the
leaving hydroxide by the Asp1033 carboxylic group, forming
a water molecule. They supported the acid/base catalytic
mechanism. However, in our calculations, the negatively
charged carboxylic group of the active site Asp1898 oriented
and interacted with the hydroxyl group of the substrate in
the favored conformation for the elimination of water
instead of serving as a general acid. Our results are in
agreement with the one-base dehydration mechanism
suggested by Cane et al.17 that only a conserved active site
His residue acts as the base to deprotonate the substrate,
and His also provides the proton for the formation of a water
molecule.

The large model was used to explore the feasibility of
Path2 by performing QM/MM calculations at the ONIOM
(M062X/6-31G*: Amber) level. The distance of Cβ–O1 was
scanned from 1.43 Å to 2.03 Å. Surprisingly, the energy
barrier reached about 30 kcal mol−1 when the distance of Cβ–

O1 was 1.83 Å, and it even increased to more than 70 kcal
mol−1 when the distance of Cβ–O1 was 2.03 Å (Fig. S11 and
S12†). It seemed that the carbenium ion and the dissociated
hydroxy could not remain stable in this system. Therefore,
Path2 seemed infeasible in GphF DH1. In conclusion, Path1
may be the favorable dehydration reaction pathway for GphF
DH1, and the energy barrier was calculated to be 27.0 kcal

Fig. 8 (A) One possible isomerization pathway; (B) optimized structures of transition states (TS1 and TS2) and the intermediate (IM) with the
energy profile calculated by small model QM/MM calculations.
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mol−1, when larger basis sets (6-311+G**) and SMD solvent
correction were considered (Table S3†).

The mechanism of isomerization

Double bond isomerization can increase the structural
diversity of polyketide compounds and unsaturated fatty
acids. Besides as a dehydratase, GphF DH1 is also reported
as an isomerase. However, the mechanism of isomerization
remains largely elusive. In 2014, the first crystal structure of
an enoyl-isomerase was obtained. The catalytic histidine was
demonstrated to independently shuttle a proton between the
γ- and α-positions of the intermediate.36 Therefore, we
proposed that only catalytic histidine was responsible for
proton transfer between the γ- and α-positions in GphF DH1,
as shown in Fig. 8A.

In the present study, the dehydration product sub10 was
used to build the system. By constraining the distance of Hγ

and NεH1735, and re-equilibrating the system, an appropriate
conformation for the proposed isomerization mechanism
was obtained. Optimizations were performed in the small
model, and then the single point calculations with SMD
solvent correction were performed at the ONIOM (M062X/6-
311+G**: Amber) level.

For step 1, the elimination of Hγ to form the enol
intermediate, the energy barrier was calculated to be 17.2 kcal
mol−1. As shown in Fig. 8B, TS1 was located at d(NεH1735–Hγ) =
1.23 Å, d(Cγ–Hγ) = 1.53 Å. The angle of NεH1735–Hγ–Cγ enlarged
to 167.2° from 133.5° in the reactant (Table S4†), and the
imaginary frequency was 1117.96i cm−1. After optimization, the
distance of Hγ and Cα was observed to be 1.85 Å. For step 2, re-
donating the proton occured easily with an energy barrier of
2.8 kcal/mol, and the energy of the product was −6.1 kcal
mol−1, indicating that the isomerization process was reversible.
TS2 was observed at d(NεH1735–Hγ) = 1.14 Å and d(Cα–Hγ) = 1.64
Å, and the imaginary frequency is 406.97i cm−1.

In conclusion, the energy barrier for the whole process is
17.2 kcal mol−1 with the larger basis set (6-311+G**) and
SMD solvent correction considered (Table S5†), and the
elimination of γ-H is the rate-limiting step.

Conclusions

Employing a combined method of MD simulations and QM/
MM calculations, this study explored the substrate recognition
of four chiral candidates and the catalytic mechanism of the
GphF DH1 domain at the atomic level. Four enzyme–substrate
complex systems with sub2, sub3, sub4 and sub5, respectively,
were constructed and sub2 was proposed to be the most
favorable substrate in the recognition process due to its high
proportion of PRS structures obtained from MD simulations.
Comparing the sub2-A system with the sub2-B system, more
proper conformations were observed for α–β double bond
formation other than the β–γ double bond, indicating that
GphF DH1 preferred to form an α–β double bond in advance.
Then, the binding energies were calculated via MM-GB/PBSA

methods and thirteen key residues in substrate recognition
and catalysis reaction were highlighted. Based on the PMF
calculations by umbrella sampling, it was found that the non-
methyl substrate formed the intra-molecular hydrogen bond
more easily than the α-methyl substrate. In addition, the
potential energy profiles were obtained and the critical
structures along the reaction pathway were located with the
ONIOM (M062X/6-31G*: Amber) method. The single point
calculations were performed at the ONIOM (M062X/6-311+G**:
Amber) level with SMD solvation correction. The energy barrier
of the dehydration reaction in the sub9 system was calculated
to be 27.0 kcal mol−1, and the energy barrier of the
isomerization reaction in the sub10 system was obtained to be
17.2 kcal mol−1, which supported one-base dehydration and
one-base isomerization mechanisms. Overall, the results
elucidate the molecular mechanism of this unique dual-
function dehydratase GphF DH1 and encourage future studies
for the full comprehension of the catalytic mechanism of PKS
DHs.
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