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Molecular Insights into Bifunctional Ambruticin DH3 for
Substrate Specificity and Catalytic Mechanism

Zegian Du,” Yongzhen Li,” Yihan Liu,”’ and Ting Shi*®’

Abstract: Dehydratase (DH), a domain located at polyketide
synthase (PKS) modules, commonly catalyzes the dehydration
of B-hydroxy to an a,(-unsaturated acyl intermediate. As a
unique bifunctional dehydratase, AmbDH3 (the DH domain of
module 3 of the ambruticin PKS) is verified to be responsible
for both dehydration and the following pyran-forming
cyclization. Besides, in vitro studies showed that its catalytic
efficiency varies with different chiral substrates. However, the
detailed molecular mechanism of AmbDH3 remains unclear.
In this work, the structural rationale for the substrate
specificity (2R/2S- and 6R/6S-substrates) in AmbDH3 was
elucidated and the complete reaction pathways including
dehydration and cyclization were presented. Both MD simu-
lations and binding free energy calculations indicated
AmbDH3 had a stronger preference for 2R-substrates (2R6R-2,

2R65-3) than 2S-substrates (2S6R-1), and residue H51 and G61
around the catalytic pocket were emphasized by forming
stable hydrogen bonds with 2R-substrates. In addition,
AmbDH3'’s mild tolerance at C6 was explained by comparison
of substrate conformation and hydrogen bond network in 6S-
and 6R-substrate systems. The QM/MM results supported a
consecutive one-base dehydration and cyclization mechanism
for 2R6S-3 substrate with the energy barrier of 25.2 kcalmol™
and 24.5 kcalmol™, respectively. Our computational results
uncover the substrate recognition and catalytic process of the
first bifunctional dehydratase-cyclase AmbDH3, which will
shed light on the application of multifunctional DH domains
in PKSs for diverse natural product analogs and benefit the
chemoenzymatic synthesis of stereoselective pyran-contain-
ing products.

gp )

Introduction

Modular polyketide synthases (PKSs) can produce diverse
biomolecules with antifungal, anti-cancer, or immunosuppres-
sive activity."! For synthesizing precursor of these biomolecules,
PKS modules minimally have to include an acyltransferase (AT)
responsible for loading an extension unit, an acyl carrier protein
(ACP) carrying the growing unit between modules, and a keto-
synthase (KS) catalyzing the elongation reaction of polyketide.
Besides, the combinations with other optional tailoring do-
mains, like keto-reductase (KR) reducing ketone to hydroxyl
group, dehydratase (DH) catalyzing the dehydration, and enoyl
reductase (ER) adding hydrogens on ,3-unsaturated double
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bonds, will further enrich the variety of products by decorating
the polyketide chain.”

DH domains of PKSs own the characteristic a + double
hot dog folds with a large hydrophobic substrate-binding
pocket where there is a conserved dyad of His-Asp/Glu residues
(Figure S11).”’ Besides, it is generally accepted that DH domains
are in charge of the dehydration of f-hydroxy to an a,f-
unsaturated acyl intermediate.”! However, recent research has
shown that some DH domains also display other additional
functions, such as cyclization,” double-bond isomerization,®
and methyl group epimerization.”” These functions endow PKSs
with great potential to produce various products with new
biomedical activities.

Ambruticins (varied at C5 position) exert their effects by
inducing the high-osmolarity glycerol (HOG) signaling pathway
to inhibit the growth of fungi, so they are important drug leads
for the development of antifungal agents.® What's more,
AmbDH3 has great potential to significantly simplify the
process of synthesis of chiral saturated oxygen heterocycles
(CSOH) by intramolecular oxy-Michael addition (IMOMA).” In
2014, Frank Hahn et al. first confirmed that AmbDH3 had a
second catalytic activity as cyclase through in vitro assay of the
recombinant domain with synthetically-derived substrate surro-
gates. Different from AmbDH3, AmbDH4 was proposed to be in
charge of both dehydration and double bond migration,
although they had similar structures. Their research demon-
strated that AmbDH3 could exactly catalyze the dehydration
process of 2R-substrates rather than 2S-substrates, showing its
strict chiral selectivity at the substrate C2 position. Meanwhile,
they discovered that AmbDH3 could fully cyclize its 6S-substrate
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to the formation of pyran, while only partly catalyze the 6R-
substrate to cyclization, indicating its mild tolerant chiral
selectivity at C6 (Figure 1). Furthermore, as an isolated PKS
domain, AmbDH3 is expected to play a tremendous potential
role in synthetic utility, since it presents a superior performance
in providing access to preparative amounts of chiral tetrahy-
dropyrans THPs, which will further expand the scope of
biocatalysts and accessible CSOH types. The crystal structure of
AmbDH3 was not reported until 2017, which encourages us to
investigate AmbDH3 with atomistic simulations."” Afterall, the
AmbDH3-catalyzed molecular mechanism of the consecutive
dehydration and cyclization is still unsolved and the structural
basis for substrate chiral selectivity at C2 and C6 remains
uncovered.

In this work, five complex models with AmbDH3 and
different chiral substrates (2S6R-1, 2R6R-2, 2R6S-3, 6R-4, and 65-
5) are constructed to explore substrate chiral selectivity and
catalytic mechanism of AmbDH3 by combining MD simulations
and QM/MM calculations. The essential conformational charac-
teristics that contribute to dehydration and cyclization are
detected, and they dramatically uncover the chiral selectivity at
C2 and C6 of substrates by analyzing the interactions between
AmbDH3 and its substrates. QM/MM calculations clarify how
the dehydration and cyclization reactions proceed in detail. Our
studies unpick the reasons for substrate chiral selectivity in the
recognition process, and elucidate the catalytic pathways of
AmbDH3. These results will pave the way for the application in
the chemoenzymatic synthesis of chiral pyran-containing prod-
ucts by rationally designing AmbDH3, and provide a promising
paradigm to rationalize catalytic behavior of enzyme and guide
the design of novel mutants with enhancing substrate chirality
selectivity and improving biological and therapeutic properties.

Results and Discussions
Strict chiral selectivity of AmbDH3 at C2 in recognition

Distance distribution usually was utilized to assess the like-
lihood of reaction steps and further the formation of the

SNAC—5

SNAC =5

v

SNAC—5

Dehydration

SNAC—S

SNAC—5

3 (2R,6S)

enzyme-substrate complex with the “reactive state” pose (or
Michaelis complex), where the critical interatomic distance was
close enough to facilitate the occurrence of reactions. To
uncover the substrate selectivity at C2 in AmbDH3, three
systems with different chiral substrates 2S6R-1, 2R6R-2, 2R65-3
were constructed. The distance d(H,~N,) between the H, of
substrates and the N, of H51, representing the beginning of
dehydration in the H,-departure step, was frozen at 2.5 A by
constrained MD simulations in all three systems. After the
constrained MD simulations, three replicas of 100 ns MD
simulations without the distance restraint were performed in
each system.

The distance distribution of d(H,—N,) in all three trajectories
was used to evaluate the possibility of the first step H,-
departure, which might be affected by different chiral
substrates”"” As shown in Figure 2, the distance distribution of
d(H,—N,) in 2R6R-2 and 2R6S-3 systems consistently remained
close to 3.0 A, with an average of 3.1 A and 2.8 A in their three
replicas, respectively, which was appropriate for their following
dehydration reactions. Notably, both of them adopted R-
configuration at C2, while 256R-1 with S-configuration at C2
was unfavorable for the following dehydration. The distribution
in system 256R-1 was fluctuated and scattered, far from 3.0 A,
with an average of 5.0 A in all three replicas (Figure S2-3t,
Table S11). From the distance d(H,—N,) distributions of key
reaction coordinates, we concluded that AmbDH3 has strict
chiral selectivity at the C2 position of its substrate, preferring
2R-substrates and rejecting 2S-substrates in recognition, which
was well consistent with the experiments reported by Frank
Hahn et al."”

Critical residues are responsible for substrate selectivity of
AmbDH3

Firstly, to find out the critical residues contributing to
interactions between AmbDH3 and substrates, MM-GBSA calcu-
lations were carried out to get the binding free energies.
According to the results, the binding energy for 256R-1 was
—31.9 kcal mol™, the highest in all systems (2S6R-1, 2R6R-2, and

Figure 1. The consecutive dehydration and pyran-forming cyclization catalyzed by AmbDH3 with specific substrates were reported by Frank Hahn''. Unlike
substrate 256R-1, 2R6R-2 and 2R65-3 could be dehydrated. After dehydration, 6R-4 was partly catalyzed to 2R6R-6, while 65-5 was fully cyclized to 2R6S-7.
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Figure 2. The fluctuations of distance d(N.-H,) in MD simulations and the dominant structures from cluster analysis of MD simulations (A and B for substrate
256R-1 in cyan, C and D for substrate 2R6R-2 in pink, E and F for substrate 2R6S-3 in wheat).

2R6S-3), while that for 2R6R-2 and 2R6S-3 was —46.3 kcal mol™
and —41.9 kcalmol ™', respectively, indicating that 2R-substrates
in its reactive pose with AmbDH3 were more favorable than 25-
substrates (Table S2t).

Key residues in the reactive pose were identified by energy
decomposition. Fifteen amino acids near the active pocket were
highlighted, and each of them contributed more than
1.0 kcalmol™ in all systems. They were thought to play
important roles in the recognition and catalytic process (Fig-
ure 3A).

Secondly, among these fifteen residues, H51 and G61 were
noticed because of the great disparity in energy decomposition
in system 2R6R-2, 2R6S-3, and 2S6R-1. We carefully distin-
guished the difference caused by 2R-substrates and 2S-
substrate. It was proposed that these two residues might be a
decisive factor to determine the strict R-configuration selectivity
of AmbDH3 at C2. In detail, structure analysis showed that G61
and H51 could form hydrogen bonds with O, and O, of
substrates in system 2R6R-2 and 2R6S-3, making H, face to H51
and thus easy to be extracted (Figure 3B). On the other hand, in
system 256R-1, when the constraint of d(H,—N,) was considered,
these two hydrogen bonds were seriously disrupted (Figure 3C),
while when the constraint of d(H,—N,) was abolished, the
hydrogen bonds would adjust methyl group to facing H51
rather than H,, which made it hard for H51 to extract H, from
2S6R-1 (Figure 3D). Therefore, we summarized that the hydro-
gen bonds formed by H51 and G61 mediated the recognition

Chem. Eur. J. 2023, e202203420 (3 of 9)

of chiral substrates, which largely rationalized the strict chiral
selectivity of AmbDH3 for 2R-substrates from the structural
perspective. What's more, H51 was the base amino acid of the
catalytic dyad. H51 and G61 were relatively conserved amino
acids in the DH domains. The hydrogen bond formed by G51
between the substrate’s O, atom also existed in GphF DH1 and
mammalian DH (corresponding to their Gly1745 and Gly888,
respectively) (Figure S41)."? Experiments verified that the lack
of this hydrogen bond between substrate and Gly888 disfa-
vored the H,-deprotonation.”™

Thirdly, P60, M238, and P239 were discovered to contribute
more than 1.0 kcalmol™ in all three systems. They participated
in the formation of the hydrophobic pocket and helped to
mediate the substrates in a proper conformation. What's more,
P60 and P239 were highly conserved and reported to play an
important role in substrate binding in GphF DH1 (correspond-
ing to P1744 and P1920 respectively). To sum up, these three
residues are important for stabilizing the substrate in the active
site.

Fourthly, earlier mutational studies demonstrated that the
mutant of V173Y and V173H destroyed the cyclized activity of
AmbDH3, while the mutant of V173A and V173L didn't.”®
Herein, the energy decomposition also demonstrated that V173
played a crucial part in substrate binding. The energy barrier of
pyran-forming cyclization in WT, V173Y, and V173A systems was
calculated by umbrella samplings, and the results displayed
that mutation of V173 to bulky residue Y would obstruct the
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Figure 3. (A) Residues contributing more than 1.0 kcalmol™' were obtained by energy decomposition; (B) G61 and H51 (labeled by yellow sticks) form
hydrogen bonds (labeled by red dotted line) with substrates (labeled by wheat sticks). P60, P239, and M238 are labeled by red lines; (C) With constrained MD
simulations, hydrogen bonds with H51 and G61 were disrupted, making the conformation unstable in system 256R-1; (D)Without constraint, hydrogen bonds
with H51 and G61 make the substrate methyl face to H51 instead of H,, hindering the H,-departure step in system 2S6R-1.

cyclization of AmbDH3. The energy barrier was up to
30.0 kcalmol™', which thoroughly destroyed the cyclase activity
of AmbDH3. However, the mutation V173A didn't raise the
energy barrier. Similar to WT, the energy barrier of cyclization
was calculated to be about 20.0 kcal mol™', which made the
cyclization occur reasonably in both systems. (Figure S5t)

Finally, in addition to these residues mentioned above, the
rest were all hydrophobic residues. They provided hydrophobic
microenvironment (Figure S41) for the hydrophobic main chain
of the substrate, which was suitable for the hydrophobic
interaction between the substrate and the active site of
AmbDH3.

The dehydration mechanism

Based on our previous computations, the deprotonation of a-
carbon before the B-elimination of the [3-hydroxyl have a lower
energy barrier, compared with the first elimination of the f3-
hydroxyl and then the deprotonation of a-carbon. In Frank
Hahn’s work about AmbDH3, he put forward a hypothesis of a

Chem. Eur. J. 2023, e202203420 (4 of 9)

base-acid dehydration process, which proceeded with the
extraction of H, by H51 and then the elimination of 3-hydroxyl
with a proton from D215 to release a water molecule. Also, it
was a widely accepted dehydration mechanism." Unfortu-
nately, we failed to find the transition state of (3-elimination
with D215 donating proton (Figure S6t). Besides, according to
our previous study, the B-elimination with the assistance of
D215 should be ignored in consideration of the extremely high
energy barrier. Therefore, one-base dehydration and cyclization
mechanism was proposed in AmbDH3, which was entirely
supported by the gephyronic acid dehydratase DH1."? For the
dehydration step, the proton acceptor H51 extracted the H,
from 2R6S-3, and then this proton transferred from H51 to the
substrate’s (-hydroxyl to produce one molecule of water. For
the cyclization step, the refreshed H51 extracted the hydrogen
of C,'s hydroxyl, at the same time, the oxygen of C,’s hydroxyl
attacked the newly created double bond at C; to form pyran.
Finally, the proton transferred from H51 to C, to complete the
catalytic cycle.

A direct dehydration pathway was investigated to obtain
the energy barrier with a two-layered ONIOM method. For the
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first step, the formation of enol intermediate (IM1) required
24.1 kcalmol™ in energy. When the distances of H,~C, and
H.—N, were located at 1.66 and 1.17 A, the transition state (TS1)
was observed, whose imaginary frequency was 533.01i cm™'
with an antisymmetric stretching of C,—H, and H,—N. bonds.
Comparing TS1 with IM1, we could find that the distances of
C,—N, and O,—N, changed obviously (2.82 and 3.04 A in TS1
and 349 and 270A in IM1, FigureS71), indicating H51
mediated its position to transfer H, from substrate’s C, to f3-
hydroxyl. The second step in dehydration was [-hydroxyl
elimination along with the generation of a water molecule. The
energy barrier was calculated to be 25.2 kcalmol™', which later
was found to be the rate-determining step for the whole
dehydration and cyclization reaction. The key distances of
C;—0, and O,—H, were 1.80 A and 1.52 A, respectively in TS2,
which showed an only imaginary frequency of 543.44i cm™' via
vibrational analysis, corresponding to the stretching of C;—O,H,
and H,—O,H,. After TS2, another intermediate (IM2') was
generated containing a newly formed double bond accompa-
nied by the generation of one water molecule (Figure 4 and
Figure S8t).

What's more, there was another indirect dehydration path-
way, after the formation of enol intermediate (IM1), a bi-
hydroxyl-substrate (IM2_1) was generated, where the proton H,
transferred from H51 to O, via O,, rather than directly trans-
ferred to O,(Figure S91). TS2_1 was observed when the distance
of NH, O,H, O, H, and O-H, was at 1.08A
1.54 A,1.17 A1.27 A, respectively, with an only imaginary fre-
quency 910.17i cm™" corresponding to the stretching of H,-O,
and H,-O,. Although this energy barrier was just 19.7 kcalmol ™,
the following dehydration encountered a relatively high barrier
of 26.9 kcalmol™". TS2_2 was obtained with the distances of
0,—C;, O,—H,, and O,—H, at 1.74, 1.07, and 1.45 A, respectively.
Also, TS2_2 had an imaginary frequency of 540.57icm™’
corresponding to the stretching of O,—C; and O,—H,(Fig-

A

ure S10t1). In a word, our calculations preferred the direct
dehydration pathway, since its energy barrier (25.2 kcalmol™)
was a little lower than that in the indirect pathway
(26.9 kcalmol™).

The cyclization mechanism

After dehydration, IM2" was optimized by flipping its tail close
to a ring (IM2), overcoming a tiny energy barrier of
1.3 kcalmol™" (Figure S81). Similar to dehydration, it was a
consecutive two-step reaction. Firstly, H51 extracted H; of
—O;H; accompanied by O, attacking the newly created double
bond at C;, and the pyran-ring intermediate (IM3) formed. The
energy barrier for the formation of IM3 was 18.6 kcalmol™". As
shown in Figure 5, when the distance of N,—H,;, O;—H;, and
C;—0, was located at 1.10 A, 1.50 A, and 1.85 A, respectively,
TS3 was found with the imaginary frequency 331.94i cm™.
Besides, TS4 was observed, when the distance of N—H; and
C,—H; equaled 1.22 A and 1.56 A, with the imaginary frequency
of 1009.67icm™". Finally, H; was donated from N, of H51 to C,
refreshing H51 and forming the final product (P) (Figure S111).
The energy barrier was calculated to be 24.5 kcalmol ™.

What's more, on account of a water molecule generated in
the dehydration process, we proposed a water-mediated
cyclization pathway called the indirect cyclization pathway,
where both the proton extracting and its transferring should be
mediated by a water molecule (Figure S12t). Firstly, the IM2”
was obtained, and then O, of the water extracts H; of -O;H,
accompanied by H, of the water transferring to O, (IM3’). TS3’
was got, when the distance of O;—H,, H;—0,, O,—H,, and H,—O;
reached 1.13 A, 1.29 A, 1.04 A, and 1.48 A, respectively, with an
imaginary frequency of 423.13i cm™' and the energy barrier of
20.5 kcalmol™". Secondly, H51 extracted the H, of the water
accompanied by H, transferring from O, to O, of the water

TS1 TS2 N,
N, > NHg \ e & H,

>

&

IM1 M2’

Figure 4. (A) The proposed direct dehydration pathway; (B) Optimized structures of transition states (TS1 and TS2) in the direct dehydration pathway with key
distance labeled. The substrate is colored by wheat sticks and spheres. Catalytic dyads are colored by light blue sticks (D215 and H51).
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TS3
—_—

Figure 5. (A) The proposed direct cyclization mechanism; (B) Optimized structures of transition states (TS3 and TS4) in the direct cyclization pathway with key

distances labeled.

(IM4’). When the distance of H,—O,, O,—H,, H,—0,, and H,—N,
equaled 131 A, 1.12 A,1.24 A, 1.23 A, TS4' was obtained with an
imaginary frequency of 881.19icm™". The energy barrier for TS4'
was 18.7 kcalmol™". Finally, H51 returned the H, to O, of the
water along with H; of the water re-donating to C, to release
pyran product (P). TS5 was obtained with an imaginary
frequency of 522.86icm™' when the distance of H,—C,, H;-0,,
0,—H,, and H, N, equaled 1.66 A,1.09 A,1.10 A,1.40 A, respec-
tively. The energy barrier for TS5 was 39.9 kcalmol™" (Fig-
ure S131). Considering the energy barrier of the direct cycliza-
tion pathway and the water-mediated pathway, the direct
cyclization pathway was more likely to occur in terms of energy
(Figure 6).

TAE(kcal/mol)
26.9
25.2 TS2 2
24.1 TS2
TS1
T
19.3 . 73
IM2_1
R 4
0.0 ™Mz
-1.4

Mild tolerance of AmbDH3 at C6 in cyclization

HPLC-MS analyses indicated that 6R-4 could be partly cyclized
by AmbDH3 to 2R6R-6, while 65-5 could be fully cyclized to
2R65-7, when AmbDH3 overnight incubated with 6R-4 and 65-5,
respectively, indicating its moderate tolerance at C6. To under-
stand the reason for substrate tolerance in AmbDH3 during
cyclization, two systems combined AmbDH3 with 6R-4 or 65-5
were constructed.

Based on our proposed mechanism, two distances d(N.—H)
and d(0;—C,) were collected. The former represented the
beginning of cyclization, and the latter represented the
formation of pyran. As shown in Figure 7, the populations of
distance d(N.—H;) and d(O;—C,) were concentrated in system
6S-5, while they were scattered in system 6R-4 (Figure 7D).
Furthermore, the averages of d(N.—H;) and d(0O;—C,) were 2.7 A
and 3.6 A in system 6R-4, while they sharply reduced to 1.9 A
and 3.0 A in system 6S-5(Table. S31). By comparation, we could

39.9
TS5

245

20.5 TS4
3 51

55 IM3 TSA

18.6 18.7
I

1.8 ‘ P

Figure 6. The whole energy profile for the dehydration and cyclization process by QM/MM calculations. The complete pathway was colored black and the

unfavorable states were colored gray.
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Figure 7. Hydrogen bonding network in dominant cluster structure in system 6R-4 (A, colored by pink) and in system 6S-5 (B, colored by wheat); (C)
Percentage of hydrogen bonding for H51, G61, and D215 in system 6R-4 and 65-5; (D)The distributions of two key distances d(N.—H,) and d(0;—C,) related to

the cyclization reaction in two systems.

see that 65-5 was more prone to being cyclized by AmbDH3
than 6R-4. The percentages overlapping both d(N—H,) <3 A
and d(0;—C,) <4 A were calculated to be 76.5% and 99.8% for
system 6R-4 and system 65-5, respectively, indicating that in
addition to 65-5, 6R-4 was accessible to cyclization (Table S4t).

Hydrogen bonding analysis revealed that both 65-5 and 6R-
4 could form hydrogen bonds with H51, G61, and D215. D215
and H51 greatly stabilized the substrates by fixing their tails
through hydrogen bonding with O;. The percentages of hydro-
gen bonding in 65-5 system were 78.1 % and 98% for H51 and
D215, while they decreased to 26.0% and 96% in 6R-4 system.
In addition, G61 formed a hydrogen bond with O, and
anchored the head of 6R-4 and 65-5. The hydrogen bonding
percentage was 52.1% in 6S-5 system, while it reduced to 30%
in 6R-4 system (Figure 7C). Due to these hydrogen bonds and
the chiral distinction at C6, 6R-4 bent inwards and 6S-5 bent
outwards (Figure 7A, 7B), which led to the difference in cyclized
efficiency.

Conclusions

AmbDH3 is well known as a unique dual-function dehydratase,
responsible for both dehydration and the following pyran-
forming cyclization. However, the detailed molecular mecha-
nism for recognition and catalysis of AmbDH3 still remains
unclear. Herein, MD simulations and QM/MM calculations were

Chem. Eur. J. 2023, e202203420 (7 of 9)

combined to investigate the substrate specificity and catalytic
mechanism during recognition and catalytic process.

In the first part, three enzyme-substrate complexes were
constructed with 2S-substrate (2S6R-1) and 2R-substrate (2R6R-2
and 2R6S-3), respectively. 2R-substrate displayed favorable
conformation by forming hydrogen bonds with G61 and D215,
which efficiently facilitated the dehydration process. Further-
more, compared with 2S-substrate, 2R-substrate had lower
binding free energy, revealing more stable interactions with
AmbDH3. The energy decomposition highlighted some key
residues, which either stabilized the substrates by hydrogen
bonding or provided hydrophobic microenvironment by form-
ing a hydrophobic pocket. All these structural basics undertook
the strict R-configuration selectivity of AmbDH3 at C2 of the
substrate.

Next, direct (B-hydroxyl elimination via enol intermediate)
and indirect (via a bi-hydroxyl-substrate) dehydration pathways
catalyzed by AmbDH3 with natural substrate 6S5-5 were
proposed and the calculated energy barrier preferred the direct
dehydration with 25.2 kcalmol™' by QM/MM calculations. Be-
sides, the cyclization mechanism without or with the participa-
tion of water molecule were obtained, the energy barrier was
24.5 kcalmol™' in the former and 39.9 kcalmol™" in the latter,
indicating the hydrophobic microenvironment would be suit-
able for cyclization. In summary, the whole reaction pathway
displayed a consecutive one-base dehydration and cyclization
mechanism. The rate-determining step was the (-hydroxyl
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elimination accompanied by the generation of a water molecule
during dehydration with an energy barrier of 25.2 kcalmol™.
Our results are in agreement with the one-base dehydration
mechanism,!'? where the conserved His residue acts as a base
to deprotonate the substrate and also provides the proton for
the formation of a water molecule.

Last, two enzyme-substrate complexes with 6R-4 and 65-5
were constructed to uncover the mild tolerance of AmbDH3 at
C6. Finally, 65-5 stood out in stable hydrogen bonding and
favorable conformations. The distance distribution of key
reaction coordinates showed that both 6R-4 and 65-5 could be
cyclized, while the system of 65-5 was much more efficient than
that of 6R-4, which was consistent well with the experiments.

Overall, our results elaborately reveal the whole reaction
mechanism of the unique bifunctional (dehydration and
cyclization) dehydratase AmDH3, which will provide deep
insights into the catalytic mechanism of dehydratases and shed
light on the development of multi-functional dehydratases for
generation of chiral saturated oxygen heterocycles, as well as
pave the way for the application in the chemoenzymatic
synthesis of chiral pyran-containing products by rationally
designing dehydratase in PKS modules.

Experimental Section

Preparation of systems: The crystal structure of AmbDH3 was first
reported by Frank Hahn etal., in 2017 (PDB number: 5015 and
5016). The AmbDH3 structure of 5015 was more complete than
5016, and thus it was chosen as the initial structure for building
systems. The protonated state of the protein was determined by
the PDB2PQR web server."™ All substrates (2S6R-1, 2R6R-2, 2R6S-3,
6R-4, and 6S5-5) were optimized by Gaussian 16. Molecular docking
calculations were performed using AutoDock Tools (version 1.5.6)
software."® The protein AmbDH3 and ligand structures were first
pre-treated, adding the appropriate charge and hydrogen atoms
(*.pdbgt file). The relative position of the catalytic dyad (H51 and
D215) in the crystal structure was referred to determine the docking
grid space. With the help of Autogrid, the atom-specific affinity
maps for all ligand atom types, electrostatic, and desolvation
potentials were generated. Combined with the rigid protein
molecule and flexible ligands, docking proceeded. The iteration
number of docking simulations was set as 200 for each protein-
ligand pair using Genetic Algorithm methods. All 200 docking
results were clustered and ranked by docking scores, and the single
docking pose with the best energy score in the most clusters was
selected as the initial structure. All substrates were optimized and
calculated the electrostatic surface potential (ESP) at the level of
HF/6-31G*."” The bonds, angles, dihedral angles, and van der Waals
radii parameters for substrates were generated by a two-step
restrained electrostatic potential (RESP) charging fitting method
embedded in the Multiwfn software and Antechamber package
implemented in AMBER 18."® All systems were immersed in an
octahedral box of TIP3P water, with the thickness of the water layer
exceeding 10 A.

Molecular dynamics simulations and analysis: Through the AMBER
18 program suite, the best docking result of all five systems was
utilized to perform molecular dynamics (MD) simulations with the
ff14SB force field (Figure S141)."" The complex was solvated to a
box of TIP3P water. For achieving systems’ charge neutralization,
seven molecules of sodium ions were added. To avoid inappro-
priate atomic collisions, we performed a two-step minimization

Chem. Eur. J. 2023, e202203420 (8 of 9)

process for the system, the first step was for all water molecules,
and the second step was to avoid the rest parts’ inappropriate
collision. Then we progressively heated the system from 0K to
300K in 100 ps. After heating the system, we switched it to
constant pressure and temperature mode (NPT), at this mode, we
perform a 200 ps equilibration to ensure that the system was at the
correct density. After equilibration, in 6R-4, and 6S-5 systems, three
times 100 ns trajectories were carried out and collected for analysis.
While in 256R-1, 2R6R-2, and 2R6S-3 systems, constraints of d(N-H,)
were added by using harmonic potential with a force constant of
20 kcalmol™" A=2 at 2.5 A, for making all three systems with the
same distance at the beginning (Figure S151). And then the
constraints were removed, 100 ns MD simulations were performed
on all these 3 systems.

The Particle Mesh Ewald (PME) method and the SHAKE algorithm
were both introduced for long-range electrostatic interactions and
fixing bonds and angles involving hydrogen atoms, respectively.””
The cutoff of van der Waals interactions was set to 10.0 A. All
systems’ trajectories have reached equilibrium and were analyzed
by the cpptraj module in AMBER 18 (Figure S16-171).

Umbrella Sampling: Umbrella sampling was applied to enhance
sampling conformations in the cyclization process. For comparing
the difficulty of substrate cyclization in different mutants, we
constructed three mutants (WT, V173A, V173Y) with 65-5 substrate.
An additional force was applied to 65-5 to constrain the distances
d(0;—GC;). The reaction coordinate was defined as the distance
between O; atom and C; atom in 65-5 substrate. We scan along the
reaction coordinate from 4.9 A to 2.4 A, taking 0.02 A as the step
length and adding a harmonic force constant of 200 kcalmol~" A=
to it. Each step was performed 0.1 ns. There were 125 step and
12.5 ns MD simulation in each system, totally. Then we calculated
the potential mean force (PMF) of each system through weighted
histogram analysis method (WHAM).

Binding free energy calculations: The molecular mechanics
generalized Born surface area (MM-GBSA) method was used to
calculate the binding free energy between substrates and AmbDH3
with a python program MMPBSA.py.”" 150 snapshots extracted
from 20-50 ns trajectories were used to calculate the binding free
energies. The decomposition of the energies was utilized to identify
crucial residues making contributions to the recognition progress.

AGbind = Gcomplex_(Gprotein + GIigand)

The binding free energy was calculated by the above equation, in
which Geomplens Gproteinn aNd Giigang represent the free energy of the
complex, protein, and ligand, respectively.

QM/MM calculations: Taking computational cost and quality into
consideration, a two-layered QM/MM ONIOM scheme embedded in
Gaussian 16 program was employed by us to explore the reaction
mechanism of AmbDH3.?? The dominant clustered structure that
originated from the system 2R6S-3 trajectories was chosen as the
initial structure. In that representative structure, substrate and
residues within 4 A of the substrate were reserved. The total atom
number for the QM/MM model was 482. There were 68 atoms in
the QM region, which contained the side chain of H51 and D215, as
well as the whole substrate (Figure S18t). Additionally, we froze the
backbone of residues in order to keep the real protein architecture
in its place.

The geometry structure optimization of the transition state (TSs)
and intrinsic reaction coordinate (IRC) were calculated at the
ONIOM (B3LYP/6-31G*:Amber) level. All TSs structures were con-
firmed by an only imaginary frequency number with the correct
vibrational direction. In order to obtain more accurate energy
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profiles of the reaction, we recalculated the single point energy for
each minimum using basis set 6-311 + G**. We treated the QM and

MM layers’ interaction with the electrostatic embedding
formalism.®
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